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PREFACE. 

The systematic testing of the materials used in all 
classes of engineering work is becoming .so general that 
little apology is needed for the existence of this book ; 
and it is hoped that it will be found helpful, both to 
young engineers, who have opportunities of using the 
various appliances described, and also to older men who 
have, in the ordinary course of their practice, to make 
use of some of the materials referred to. 

Though there may be a slight want of homogeneity in 
some parts of the book, the author has tried to place the 
chapters in proper sequence, and take the reader from the 
early mechanical principles involved in testing work, 
through the description of the appliances and methods 
used, to standard results of tests, both general and for 
specific materials. Too much detail has not been 
attempted in describing the testing operations ; a com- 
plete working knowledge can only be obtained by 
intimate personal contact with the work and a consider- 
able amount of actual practice. 

Reference has been made to most of the publications 
relating to the subject, and the author desires to 
acknowledge his indebtedness, and express his sincere 
thanks, for much valuable help gained from Prof. Unwin's 
" Testing of Materials of Construction," as well as from 
the two standard works on the same subject by Profs. 
Thurston and Johnson ; to Mr. J. Hartley Wicksteed, 
of Leeds, for much helpful advice; to Prof. Ewing of 
Cambridge, my friend, Mr. F. Grover of Leeds, Prof. 
Stanton of Bristol, Dr. Wilson of Owens College, and 
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Mr. Charnock of Bradford, for many of the test results and 
illustrations; to the valuable works of Messrs. Kirkaldy, 
Spretson, Skelton, Anderson, Butler, and Barlow, as 
well as to the Minutes of Proceedings of the Institution 
of Civil Engineers, the Iron and Steel Institute, the 
Institution of Mechanical Engineers, British Association, 
American Institutes of Civil and Mechanical Engineers, 
and the Manchester Literary and Philosophical Society ; 
to the engineering periodicals; "The Mechanical Engineer," 
"Engineering," "The Engineer," and "Industries"; and, 
lastly, to the following firms for the loan or gift of blocks 
for illustration : Messrs. J. Buckton & Son, Leeds ; 
Messrs. Greenwood & Batley, of Leeds ; Messrs. Daniel 
Adamson & Co.^ Hyde ; Messrs. Charles Churchill & Co.; 
Messrs. Nalder Bros.; Messrs. Sir W. H. Bailey & Co., 
Salford ; and Messrs. Riehle Bros., Philadelphia. 

W. C. P. 

20, Kennedy Street, 

Manchester, January, 1901, 
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In all engineering works, whether they be of masonry, 
timber, concrete, or metal, the question of strength is 
one of the most important which has to be considered ; and 
where any material is to be so placed in a structure as to 
have to withstand considerable stress, some previous 
knowledge of the strength properties of this material must 
be within the reach of the engineer who contemplates 
its use. 

In every engineering structure there are two distinct 
points with regard to its strength which must be aimed at. 
These are that, in the first place, the structure must be of 
ample strength to withstand any and all loads to which it 
may be subjected without permanent injury to its parts; 
and, secondly, that there should be no more material 
employed in any one part than is sufficient to ensure the 
fulfilment of the first condition. The chief reason for this 
latter condition is sufficiently obvious — it is simply a 
question of cost. But, apart from pounds, shillings, and 
pence, it is obvious that to introduce any such beyond 
that which is necessary to ensure safety and efficiency 
would be an unwarrantable waste of valuable material ; 
and, further, it is in many instances advisable to reduce 
the weight of a structure as far as possible, so as to thereby 
lessen the stresses due to the Aveight of the structure itself. 

In the case of many engineering structures and works 
it is usual to apply some kind of test load after the com- 
pletion of the structure, so as to provide a final check on 
the work before submitting it to its ordinary load. Thus^ 
bridges are often tested in this manner, by putting upon 
them loads greatly in excess of those to which they may 
be expected to be subjected in daily use. Again, boilers 
are treated in a somewhat similar manner, by applying 
internal hydraulic pressure double, or more than double, 
the intended working pressure of the steam. There 
are, however, many structures which cannot be put to 
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these final tests, owing to the nature of their load and 
the position of the structures themselves. Examples of 
such are to be found in roofs and bridges subject to 
wind pressures. But even if it were possible to apply 
these after tests in all cases, it would be preposterous 
to construct a great and costly work entirely by *'rule 
of thumb," and trust to luck that it would be strong 
enough to withstand the loads which might be applied 
to it. 

Some previous knowledge, both of the loads to which 
each part of a structure may be expected to have to 
withstand, and of the strength of the materials forming 
these parts, is absolutely necessary. In former times, 
before such a knowledge existed of the strength of the 
various materials of construction as is now the case, an 
engineer had to rely to a great extent on his own or 
other people's experience, and on his own judgment and 
instinct for the dimensions of the parts of his structures. 
Such a plan is of necessity still followed out to a great 
extent, especially in the case of small and unimportant 
parts, and also very often in timber structures. It 
IS not an uncommon thing in drawing offices to see a 
draughtsman vary a dimension several times until he 
thinks " it looks right." This is perfectly legitimate and 
allowable in many cases, and is, indeed, necessary in such 
cases, for instance, as the frames of machines and other 
structures subjected to a great variety of indeterminate 
stresses, or to very slight stresses, where stiffness alone is 
necessary. But in large and important structures and 
pieces of machinery a certain definite plan must be, and 
nearly always is, followed. 

In the first place, the engineer must know what loads 
his projected structure will have to sustain as a whole, 
what part of these are live loads, what part dead loads, 
and if any shocks are to be expected, and of what magni- 
tude. 

Secondly, knowing what the loads upon his structure 
are to be, he must next be able to calculate what will be 
the effect of these loads in producing stresses in the 
several parts of the structure, what are the magnitudes of 
these stresses, and what their nature ; that is, whether the 
stresses are those of tension, compression, bending, or 
torsion. 

Thirdly and lastly, he must have an intimate know- 
ledge of the properties of the materials he intends to make 
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use of, SO as to be properly guided in determining the 
shape and dimensions of all the parts. 

Of these three divisions the first entirely depends upon 
the knowledge which the engineer may have as to the con- 
ditions pertaining to the particular case in question ; the 
second requires calculations depending upon tlie principles 
of mechanics, and may be performed by simple arith- 
metical or algebraic methods, or the problem may be 
attacked graphically. When those two first conditions 
have been determined, the last, step in the design of the 
structure may be taken; that is, knowing the stress 
which may be expected to act on each part, both as to its 
nature and magnitude, and also knowing what materials 
are to be used, the engineer can at once proceed to ascer- 
tain the form and dimensions of this part, provided he 
is fully acquainted, or has some means ot becoming 
acquainted, with the strength properties of the materials. 
It is towards the fulfilment of this last mentioned condition 
that the " testing of materials" is undertaken. 

For such a case as we have just considered, it is usual 
to test several small samples of the material to be employed, 
xis in the case of a strip of steel cut from a boiler plate, 
on the assumption that the whole of the material is 
uniform and similar in its properties to the specimens 
tested, or, as in the case of a chain or rope, to subject an 
Actual piece of the work itself to the test. Such tests have 
been called "commercial tests," and may be eithe/ 
specially made in connection with the structure in 
question, or have been previously made on some samp'es 
of similar material. Besides tests of materials carried out 
for purely commercial and constructive purposes, t^iere is^ 
a great deal of work being done at the present time, and 
has been done in the past, of a more refined and scientific 
-character, with the intention in most instances, of eluci- 
dating the more hidden and complex phenomena displayed 
by materials under various stresses and under diiferent 
<jonditions of stress. Such research has been going on for 
many years, and is going on most actively at the present 
time. The knowledge obtained in this way is to a great 
extent permanent, and though as time goes on more facts 
are constantly being unearthed with regard to the strength 
properties of materials, still these new facts are not, as a 
rule, such as to render unimportant the knowledge already 
gained, although it is certainly so in some cases. The 
value of this scientific or research testing may not be at 
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once apparent, but every test and experiment made in 
this way is going to help to build up a more complete 
knowledge of the mechanical properties of all the known 
materials. 

There is another branch of testing that comprises within 
its limits both those already mentioned, namely, the 
testing carried on for purely educational purposes. Most 
of the colleges or departments of colleges devoted to the 
scientific education of engineering students possess some 
kind of a testing laboratory. Here, in these laboratories, 
the students are taught by personal instruction and actual 
experience to make tests of various materials, and in this 
way they are not only enabled to learn the details of the 
appliances used, and the methods and systems employed, 
but their faculties of observation are called into play, and 
the properties of the materials they are dealing with are 
brought home to them in a manner not possible by mere 
description and the study of books. The number and 
completeness of the engineering laboratories at technical 
schools and colleges is increasing year by year, and this is 
as it should be, for no branch of the scientific educa- 
tion of a young engineer is of greater help to hiaa in after 
life than the time spent in laboratory work. 

In the following chapters it will be the aim of the 
luthor not only to describe the various testing appliances 
ind methods as used in purely commercial work, but, at 
the same time, to make these descriptions applicable to the 
work of an engineering student. 

It has been stated that testing can, according to the 
apparatus and methods employed, be divided into covi- 
Diercial and scientific testing. These two are not 
necessarily quite distinct and apart ; in many cases they 
overlap, but, generally speaKing, the methods of 
commercial testing are more crude, and the measuring 
appliances used not of so refined and delicate a character as 
many of those used in purely research testing, which 

f>artakes more of the nature of physical laboratory work. 
n commercial testing, certain standards are usually fixed 
by purchasers of materials and by certain competent 
authorities, such as the Board of Trade and Lloyd's, and in 
the tests to which they are subjected the specimens are 
expected to exhibit such properties as are required in order 
to comply with the standards and regulations laid down. 
In making a commercial test, therefore, it is necessary to 
know what properties must be specially observed, so that 
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it may be determined whether the tests do satisfy the 
requirements, and then to apply such and only such tests 
as may be needful for the purpose. 

In scientific testing the case is diflferent. The observa- 
tions in a test are generally greater in number, more 
accurately made with apparatus of greater precision, 
enabling the observer to see more deeply, as it were, 
into the phenomena exhibited during the tests. 

All testing requires a considerable amount of skill, 
experience, and sound judgment in its execution, and to 
these should be added some knowledge of mechanics, so 
far as the " strength of materials " is concerned. System 
and order should be rigidly adhered to, both in the carrying 
out of tests and in the manipulation and presentation of 
the results. Every detail should be most carefully watched 
and attended to, as one mistake may render useless a test 
or even a whole series of tests. Nothing is of more 
importance than a correct idea of perspective so far as 
accuracy is concerned, and a clear knowledge of the 
necessary limits of accuracy to be aimed at, and which are 
possible in the various kinds of work undertaken, should 
be most carefully cultivated. Useless attempts at extreme 
accuracy, where extreme accuracy is neither necessary nor 
possible of attainment, are always absurd, and in some cases 
actually mischievous. 

The variety of material which is tested, or capable of 
being tested, is very great. 

At the present day most engineering structures, whose 
design is governed by considerations of strength, are con- 
structed of either iron or steel. These metals have 
asserted their pre-eminence in such work by reason of their 
combining the advantages of cheapness, strength, and 
durability to an extent not found to exist in the case of 
any other material. The kinds of structures built of iron 
and steel are very numerous. In addition to the bulk of 
machinery used for purposes of manufacture, the engines 
which give the motive power to this machinery, and the 
shafting and gearing which serve to transmit the power 
from the engines to the machinery; in addition to their use 
in formation of structures such as these, iron and steel are 
greatly used for what, in one sense, are more important 
works. By these are meant structures whose collapse or 
failure would endanger human life. Of course, this possi- 
bility exists in the case of most machinery of any size, 
but it is especially evident in such structures as bridges, 
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boilers, railway appliances, and steamships. In most ot 
these strength is of the first importance, although con- 
siderations of form do in most cases affect the design. In 
addition to iron and steel there are other metals in use for 
engineering purposes, although, in these, other qualities 
rather than strength render their use desirable. Such are 
copper, brass, gun-metal, tin, zinc, lead, aluminium, and 
various anti-friction alloys. Of these there are several 
where considerations of strength do enter largely into their 
use. For instance, copper is used for boiler fire boxes, 
stays, steam pipes, and for overhead electrical conductors 
where it has to Avithstand great tensile loads ; gun metal 
also is often used in machine and engine parts where it 
has to undergo considerable tension or compression. The 
increasing use of aluminium and its alloys makes it 
necessary for its istrength properties to be known ; and 
lastly a knowledge of the compressive strength of anti- 
friction alloys in bearings is often needed. 

Timber is used to a great extent in constructive work, 
especially for temporary work. It is, however, too uncer- 
tain a material to allow structural parts to be designed 
with the same certainty that exists in the case of the 
metals, without the use of a large margin of safety. Still, 
tests of timber, although approximate in character, are 
often necessary and useful, and give reliable information 
when properly carried out and judiciously applied. 

Last among the materials of construction which are 
tested are those substances which are employed in works 
of masonry and those of a like nature, chief among these 
being the dififerent kinds of natural stone, bricks and 
terra-cotta, cements and limes, and these combined with 
other substances to form the various kinds of concrete 
which are used. So much depends on the strength and 
reliability of these, which are very largely used in the case 
of buildings, retaining walls, bridges, foundations, and 
harbour works, and so great is the variation in quality of 
apparently similar substances, that they present a large 
field for testing operations. 

It will be clear from what has been said that the variety 
of substances which are subjected, or may be subjected, 
to tests is very great, and not only do these many sub- 
stances used in constructive work present many differences 
in their qualities and behaviour under tesf^, but there are 
many ways in which any given substance may be tested. 
Take for example mild steel. It may be used for boiler 



INTRODUCTORT. 7 

plates, when its behaviour under a tensile test becomes 
important ; if for the rivets of the same boiler, its shearing 
strength should be known ; it may be used in the manu- 
facture of pillars or struts, when its compressive strength 
is required to be known ; or, it may be that the steel is 
required to construct a propeller shaft of, when its properties 
under a test in torsion are necessary. 

And so it is all through. As a rule, it is not sufficient 
to know the general strength properties of a substance, 
l)Ut the properties which exhibit themselves under special 
circumstances and when made of special forms, must also 
be known, and the tests applied should always be 
judiciously selected and carried out, so that the actual 
conditions of use may be as nearly as possible satisfied. 

In making a study of the subject of testing, it is 
necessary that the reader should in the first place have 
some knowledge of that part of the science of mechanics 
which deals with stresses and strains of various kinds, as 
such a knowledge is absolutely necessary in reducing the 
results of many of the tests and experiments he will have 
to perform. It has, therefore, been assumed by the author 
that the reader of this book does not approach the subject 
as an absolute novice to the subject. At the same time a 
chapter will be devoted to what is little more than a 
summary of the principal problems which have to be 
attacked when dealing with the phenomena displayed by 
bodies under various stresses. In this will be explained 
briefly the chief of the principles involved, and such 
formulae as are required will be given. It is, however, 
of the utmost importance that a mere carrying out of 
experiments, and calculating the results from the formulae 
given, will be of very little service to the student. He 
should have nothing to do with an experiment unless he 
is perfectly clear in his own mind as to all the principles 
involved. 

It will be seen that following on the chapter which has 
just been mentioned, the various testing appliances are 
described, the methods employed in carrying out all the 
principal branches of testing, and the behaviour of the 
different materials of engineering under stresses of various 
kinds, is considered so far as is possible within the narrow 
limits of such a work as this. 

It seems hardly necessary to repeat what has already 
been said, namely, that in all testing work, neatness, order 
and systematic working and booking should be strenuously 
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cultivated, along with the actual art of manipulation and 
observation. All actual observations should be carefully 
and neatly booked as a test proceeds, for nothing tends so 
much towards the nullification of test results than careless 
and inaccurate notes. Such notes ought always to be 
preserved in a fairly legible state, so that reference can 
easily be made to them at any time after the test has been 
made. 

To the student of engineering, as well as to the 
engineer, the preservation of such notes will almost always 
prove of great service at future times, when he may be 
very glad to turn to this storehouse of his lor what may be 
most valuable pieces of information. Careful note should 
be taken of any tests which may be unusual and specially 
interesting. 



Chapter I. 



The Mechanics of Bodies Under Test Loads. 

1. Before entering upon a description of the appliances 
and methods employed in the testing of materials, it will 
be convenient and useful to discuss at some length the 
phenomena which display themselves, or may be expected 
to do so, in bodies which are acted upon by forces. 

In the first place it must be assumed that all bodies 
considered are solid and homogeneous. These are both 
only relative terms, so far as the ordinary substances of 
daily life and commerce are concerned. A certain tendency 
to exhibit faint signs of some of the properties of a liquid 
often manifests itself in solid bodies, as, for instance, this 
tendency is made practical use of in the manufacture of 
lead pipes where the metal is compelled, by the application 
of great pressure, to actually flow through an annular die, 
and in this way to form a continuous pipe. Then, again, 
as to a substance being homogeneous. J3y this is meant 
that every part of the substance, even the most minute, 
has the same composition and physical properties as every 
other part. This is true in a general sense of most of the 
materials dealt with in testing operations, but strictly 
speaking, all the substances lack true homogeneity, and 
there are always small differences in different parts, which 
tend to manifest themselves under delicate tests.. For all 
practical purposes we can regard most of the bodies dealt 
with in testing as homogeneous. In this chapter, there- 
fore, we assume perfect homogeneity to exist. 

2. Elasticity and Plasticity. — All bodies, if acted upon 
by force, undergo some kind of deformation, no matter 
what their shape, substance, or size may be. Thus, for 
example, take the case of a solid prismatic piece of india- 
rubber ; if one end be fixed and a weight hung at the other, 
the indiarubber will suffer a change of shape, that is to say, 
its length will be increased and its lateral dimensions 
diminished ; in other words, by reason of the force applied 
in the shape of the weight, the piece of indiarubber will 
have undergone a deformation. The body may be of any 
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shap6, and tlie force applied in any manner, still, a 
deformation will follow. 

It is very important to notice that the deformation so 
produced must be of one of two kinds. If a deformation 
follows a force applied, and if after the deforming 
force has been removed the body returns to its original 
dimensions the deformation is said to have been elastic. 
On the other hand, if, after removing the deforming 
force, the body still retains its deformed condition, it is said 
to be to some extent plastic. In what follows here, the 
behaviour of bodies under both conditions will be dealt with. 

The materials of construction all exhibit these two 
properties of elasticity and plasticity to a more or less 
marked degree. It may be stated that no material of 
construction is perfectly elastic, nor is any substance 
perfectly plastic. In most of the materials elasticity is 
practically maintained as the force continues to be increased 
up to a certain point, called the elastic liviity and after 
this point has been reached and passed the body becomes 
partially plastic, and elasticity approximate^ ceases. 

In case of the other materials, such as cement and 
masonry, the properties of elasticity and plasticity do not 
exhibit themselves to anything like so marked a degree as 
they do in the case of the metals, but still, by means of 
delicate appliances, these properties may be detected, 
though only in a small degree. When forces are applied 
to such materials, the tendency is, if these forces are 
sufficiently great, to cause rupture, crumbling, and dis- 
integration of the substance. 

3. Stress and Strain. — Where bodies and materials are 
employed in the formation of works of construction they 
are subjected to what are called stresses, the stress upon a 
body arising from either a force or a system of forces. 
Stresses may be of various magnitudes, and may be 
produced by the weights of the structures themselves in 
which they occur, or by causes which are external to the 
structure. 

The result of the action of a stress upon a body is 
always to produce a strain, which is a deformation of the 
body. If the deformation only exists so long as the force is 
acting, the strain is elastic ; if the deformation remains 
after the removal of the stress, the strain is plastic. For 
instance, if a piece of indiarubber be pulled by a longi- 
tudinal stress, it will be elongated, and when the force is 
removed the indiarubber will return to its original 
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dimensions ; but, if a lump of moist clay be squeezed so as 
to change its shape, on the removal of the squeezing force 
there will be no springiness or tendency to return to its 
former shape. 

The semi-plasticity of metals is made great use of in the 
trades, as has already been pointed out. Wire is drawn, 
hot iron and steel are forged, copper is beaten, and all 
manner of small parts are formed from cold metal by 
stamping. This property in the metal is called its 
capability for taking *' permanent set." 

4. External and Internal Stresses. — If a body is acted 
upon by any stress or system of stresses whatsoever, the 
stresses so acting upon the body, and which are due to 
causes outside the body, are termed external stresses; they 
produce by their action certain effects within the internal 
structure of the substance, tending to interfere with its 
molecular arrangement ; these are the *' internal stresses " 
brought about by the " external stresses." 




Fig 1. 

In Fig. 1. A B C D is a cube. If a force P be applied 
normal to one of its faces A E F B, and an equal and 
opposite force also axially and normal to the opposite 
face C G D, both forces acting away from the cube, a stress 
in tension or tensile stress is said to be applied, and its 
tendency is to cause rupture of the cube across some section, 
such as a b c d at right angles to the direction of the 
force, the force exerted on this section balancing the 
pull of the external force P. The area of the section 
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abed being A, then the stress, in units of force per 
unit of area, is 

f'=l (!•) 

Thus we can talk of the force, or load, on a section, but 
the stress is the intensity of the J or ce or the force per unit 
area. For instance, a metal bar whose cross-section is 
4 sq. in. may be subjected to a tensile load of 20 tons ; the 
load on the bar is 20 tons, but the tensile stress is 

-7- = o tons per sq. m. 

Again reverting to Fig. 1, if the force P, instead of 
acting away from, acted towards the cube, it would then be 
called a compressive load, and its tendency would be to 
cause^ failure by crushing. In this case also the corn^ 
pressive stress is 

/. = X <"•) 

P in this case having the opposite direction. 

Suppose, now, that the two forces S, S, were to act on 
the cube in such a way as to cause the upper half above 
the section to slide across the lower half, as shown, these 
forces would be called shearing forces, and would produce 
a shearing, or tangential stress on the section in question. 
The magnitude of this stress would be 

fs=~ (in.) 

These stresses which have been mentioned are termed 
simple stresses. They are generally expressed as so many 
tons or pounds per square foot or square inch, the pound 
weight and its multiple the ton weight being the units of 
force which are found most convenient and suitable for 
engineering work. 

5. Compound Stresses. — In addition to these simple 
stresses there are a number of cases of compound stress 
which occur frequently in parts of structures. Those most 
often met with are the stresses in bending, torsion, and 
combined bending and torsion. Bending is exhibited in its 
simplest form on Fig. 2. A load W is supported in the 




^n^ 



-^^o 



^ 




Fig. 2. 
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middle of a beam whose ends rest upon two supports. 
Previously to the application of the load the beam was 
straight. On the application of the load the beam is made 
to curve downwards and a bending stress is said to be 
produced. The result of the bending is to shorten the 
upper surface A B, and stretch or elongate the lower one 
O D. Consequently A B is in compression and C D in 
tension. The greatest intensity of each stress is at the 
outer surface, and it diminishes gradually to zero as the 
centre is approached. This surface of no stress is called the 
neutral surface. It will be seen that a bending stress 
is a combination of tension and compression. 

Torsion is not, strictly speaking, a compound stress, 
but a particular case of shearing stress. The meaning of 
torsion is shown on Fig. 3. A circular bar (the bar need 
not necessarily be circular) is acted upon by two equal and 
opposite couples, or pairs of moments, one at either end. 




Fig. 3» 

That at the left-hand end, X, tends to twist the bar in a 
right-hand direction, while that at Y has an opposite effect. 
The result is that the right-hand half of the bar tends to 
twist or slide in a circular direction about its own axis, 
with respect to the left-hand portion; and there is a 
torsional stress exerted across a section A. The difference 
between this and simple shearing is that the latter 
takes place in straight lines, in the former it is rotary, and 
the parts of the section near the circumference have a 
greater movement than those nearer the axis, and conse- 



14 



TENSION. 



P 



quently the stress is greater at the circumference, and 
gradually diminishes until it becomes zero at the axis. 

Combined Bending and Torsion is a case that often 
occurs in practice, but which is not often applied in testing 
operations. It occurs in such cases as the overhung crank- 
shaft of a steam engine, where the shaft is subjected to the 
twisting moment exerted at the crank pin, and a simulta- 
neous bending moment due to either the weight of the 
flywheel or to thrust of the connecting rod, or both. 

6. Relation of Stress and Strain on Elastic Bodies. — 
So far we have only referred to the various stresses them- 
selves, and not to the effect they produce. The results of 
stresses are straivs. The word "strain" is often, though 
wrongly, used in the same sense as stress. 

When a bar is pulled by a load, the tensile stress acting 
produces tensile strain, which, in this case, is an elongation 
of the bar. Similarly, a compressive stress produces a 
shortening of the bar as its strain ; the strain in shear is 

simply a transverse distortion ; that in 
torsion a circular or spiral distortion. 
We will consider each case separately. 

7. Tension. —If a rectangular prism 
ABC D be subjected to a tensile load P, 
acting along the axis, the stress induced 

^ — ri h on a section of area A, at right angles 

to the axis, will be, 

f - ^ 

The effect of this load is to cause 
an elongation of the prism. If its 
original length be L, and the elongation 
be called I, then the strain is expressed 

by the ratio or fraction -y-; and the 

general relation between the stress 
and the strain it produces is expressed 
in Hooke's Law, which says that " the 
extension of a bar under a tensile load 
is proportional to the stress;" or, 

L ^ ^' 
More particularly, we may say that the 
extension is equal to the stress divided 
by a constant quantity, or, 

I f\ 



a 



+ 



^-.. 



^ 



B 



Fig. 4. 
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This quantity E depends only upon the particular material 
in question and varies with different materials. It is called 
the Modulus of Elasticity. We can write the last equation 
in the form, 

/t = E. ^ 

and if we have i = L, or, in other words, if the bar is stretched 
through its own length, 

J = 1 and/« = E. 

From this we see the modulus of elasticity in another 
light. It may be said to be the stress which would have 
to be applied in order to stretch the prism to double its 
original length. This is, of course, a state of things 
impossible of achievement in any material of con- 
struction, as the limit of elasticity is passed soon after the 
bar has been stretched beyond about one-thousandth of its 
length. 

8. Compression. — The same relation holds for com- 
pression as well as tension, and we have the equation 

fc = E. J- 

Putting these equations in a more general form, equally 
applicable to tensions and compressions, we have 

4 = r (i^-) 

or — 

The stress applied _ The amount of strain 

The modulus of elasticity The original length of the prism 

9. Poisson's Ratio. — In Fig. 4 if the prism is stretched 
elastically in an axial direction, it stands to reason that, at 
the same time it will be diminished laterally, and this is 
found to be so. If the linear dimensions of the prism are 
increased to an extent represented by I, and we say that 
the transverse dimension originally X is diminished to 
an amount represented by x, the axial or longitudinal 
strain will be 

L 
and the lateral or transverse strain 

^ A. 



36 



SHEARING. 



the ratio of the former to the latter 



-r = rii . . . 

9 



(V.) 




A 



si 



B 



is called Poisson's Ratio. This has a value for solid 
bodies varying from 3 to 4; for the metals it is very 
nearly 4. 

In the case of indiariibber, so long as the strains are 
small, the value is about 2. 

10. Tangential or Shearing Strain. — When a shearing 
stress acts on a prism, it is not axially, and upon a section 
perpendicular to the axis, but transversely in a direction 
parallel to the section considered. 

Thus in Fig. 5, A B is a prism or bar subjected 

to a shearing stress, 
brought upon a section 
at right angles to the 
axis of the bar. The 
stress need not 
necessarily be on such a 
section, in fact, it may 
act upon any plane 
within the material, but 

the case exhibited here 
is the one which most 
commonly occurs in 
practice, in rivets, 
knuckle-joints and eye- 
joints generally. 
The prism A B is supposed to be so constrained that the 
left-hand portion tends to move bodily upwards, while the 
tendency of the right-hand portion is to move downwards. 

If the figure of a square a, 6, c, c/, 
be drawn upon the bar, so as to be 
intersected by the section under 
stress, when the shearing load F is 
brought to bear upon the bar, this 
square will be distorted, so as to 
assume the form of a rhombus, as 
shown in the figure. A clear 
understanding of what actually 
takes place in the case of a shear- 
ing stress will be obtained by a 
consideration of the case exhibited 
on Fig. 6 ; here A B C D is a prism 




Fig. 5. 
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or cube whose end is distorted into the form of a rhombus, 
as has been shown in the case already mentioned (Fig. 5). 

Under the shearing stress upon it the prism becomes 
simply distorted from ABCDto A 6c D, (Fig. 7), 
the sides remaining of the same length and parallel, and the 
diagonal D B being shortened and A C lengthened. In 
order that this distortion may occur four equal stresses S 
must act tangentially to the sides, as shown. The result 
of these stresses will be a distortion without a perceptible 
. change of volume. The shearing stresses Si and Sa result 
in forces 

S2 X A B acting along B A = Fa 
and Si X D A acting along D A = Fi. 

Similarly, the other pair of stresses S and S4 result in 
forces Fg and F4. Combining these, the resultants of Fi 
and F2 will be a force along the diagonal C A ; and there 
will be an equal and opposite force acting along the 
diagonal in the opposite direction A C. 

Thus the effect of the shearing stresses is the same as 
would be produced by a tensile stress acting along the 
direction ol the diagonal A C. 

The total force thus acting along A C, the side of square 
being taken as unity is 

-|i+ ^= V2S, 

Si and S2 being equal. 

Similarly, the pairs Sg, S, S4, Si may again be resolved so 
that they result in a compressive force along the other 
diagonal B D. This will, by the same course of reasoning, 
also be 

V2S. 

These are the total forces along the diagonals. The tensile 
stress parallel to A C will be at right angles to D B, and 
be of intensity 

and the compressive stress at right angles to the diagonal 
A C will also be 

\/2S 

So that it is thus proved that the four equal shearing forces 
acting along the sides of the square are equivalent to two 
c 
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sets of stresses, one in tension and one in compression, at 
right angles to the diagonals of the square, and of equal 
intensity to the shearing stresses. 

In the case of tension and compression the strain is 
reckoned as the amount the bar is elongated or shortened ; 
in shearing the strain is the angle oi distortion, as, for 
instance, in Fig. 7, the strain is the angle B A & or C D c. 
E is the modulus of direct elasticity, and is such that 



E = 



t 



In a somewhat similar sense there is a modulus of trans- 
verse elasticity or modulus of rigidity, G, such that 

-" CVI "i 



G = 



where <^ is the angle of distortion. 




FiQ. 7. 

» 

The relation which exists between the modulus of 
direct elasticity E and the modulus of rigidity G may be 
shown in the following way : — 

Let the angle of distortion be small, say 0, It has been 
shown that when there are four equal shearing stresses 
acting along the sides of the square, they are equivalent in 
their effects to those of two direct stresses at right angles to 
one another acting along the diagonals of the square, 
and equal to one another in intensity and also to the 
shearing stresses. Thus, if S is thg shearing stress, ft and 
fc the two stresses along the diagonals, one of which is 
tensile and the other compressive, then 

S = /. = fc 
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When the stresses, S, produce distortion through a small 

angle d, d being, measured in circular measure, we have the 

relation 

S 
-^r = ^- This is for shearing. 

The equivalent stresses in tension /< and compression 
fc may be considered as producing an elongation of the 
diagonal A C, causing it to assume a length A c. This elonga- 
tion is due to the tensile stress acting along and parallel 
to the diagonal and also to the compressive stress /«, acting 
at right angles to this. The combined effect of these is to 
produce a strain equal to A c — A C. Thus, we have the 
relation 

Ac-AC _ ft ,fc J_ 
AC E "^E • m 

where m is Poisson's Katio, or 

Ac-AC _/ / 1\ 
AC E V m/ 

ft being = fc = f 
It will be obvious that, for any distortion, the angle 

B A 6 = 2 (angle C A c) ; or, C A c is|-ft 

If the extension A c — A C be called q, from the figure 
it will be seen that 

2 = A c - A C 



<T-D 



= 2. A B. cos( -7 — 1 I — 2. A B. cos^ 



So that 



If is very small, this expression reduces to 

and AC = V^ AB; 

Ac-AC, e 
j-p — becomes -X- 

But e =~ 

Therefore we have, finally, 

G 2 2 E V m/ 

(S =/.=/.= ) 
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Wherefore 



£ 



(1 + -) 



(VII.) 



For metals the value of m is as nearly as possible 4, 
so that 

_G _ ^ 

E ■" 5 

II. Torsion. — Torsion may be defined as rotational 
shearing. 

If the shaft represented in the figure has its end, 
marked A, held and rotated by the couple P x 2a, and 
has its other end held and rotated in the opposite direc- 
tion by an equal couple P x 2a, the plane of one end will 



P< 




^P 



Fig. 8. 



revolve, or tend to revolve, with respect to the other end. 
If the material is elastic, a line drawn on the surface of the 
shaft parallel to the axis previous to the application of the 
stresses will be deflected so as to form an angle with 
its original position, as indicated by the second line. The 
short portion of the shaft enclosed between the two 
parallel planes marked C and D is shown on an enlarged 
scale on the following Fig, 9. 
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The two planes are rotated, as shown by the arrows 
(Fig. 8), causing a distortion. A line A B originally parallel 
to the axis is brought to A C, the angle B A C being called 0. 




Fig. 9. 

This is similar to the angle of distortion of the cube which 
we have just considered. The radius B is turned through 
an angle B C = <^. 

Consider a small ring of the circle at a radius x and 
having a width 8x. The whole area of such a strip will be 

= 2 7rX 8x 

The stress on the metal due to the rotation wDl be a shear- 
ing stress on the section of the shaft perpendicular to the 
axis. The intensity of this stress, unlike the case of simple 
shearing where it is constant over the whole area, will vary 
from centre to circumference, and will be proportional 
to its distance from the axis. If / be the stress at 
the surface of the shaft and 8 be the stress at any other 
radius x, f will be the maximum stress corresponding to 
the maximum strain, and the intensity of the stress 8 at a? 
will be 

- X 

r, being the radius of the shaft. Therefore, the total force 
exerted upon the ring in question will be 

8. 2 ttx, 8x.; 

and its moment about the axis 

8. 2. TT. X. 8x, Xy or 

2. TT-^a? 8 X 
r 

Integrating this, we have the external twisting moment 
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on the shaft as equal to the sum of the moments of the 
internal forces, or 



_2 TT / rr 



dx 



= |-/r». . . (VIII.) 

If we use the diameter d instead of the radius r, the 
formula becomes 

T=f^fcP (IX.) 

Where the shaft is hollow, with the two diameters D and d, 
we have 

T = -^ / P'-^' (X.) 

16 -^ • 1) 

So far we have taken no account of strains. When the 
short cylinder in the figure is strained by an external 
twisting moment T, the line A B becomes deflected into 
a position A C. Call the angle BAG, 0, Now 

-I - e 

G - ^ 

Let the length of the cylinder be I, and the angle 
COB, 4>. Then, for small deflections 

e = ^, and 

V 

<f> = — , therefore 



wherefore, 



I ^ G 

^ r G 



From (VIII.) ./.= i Xp (XL) 



writing this otherwise, we get 



T =-_. -1^' (XII.) 



Another useful form is 



G = A^ (XIII.) 

= 32. 1. T 
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This last becomes of use in experimental work, where T, I, 
it, and d are determined from measurements taken, when 
D is possible to calculate the value of G for the material in 
question. 

For hollow shafts, this becomes 



G = 



I T 



TT 



32 



TT 



in ( 1 \ 



(XIV.) 



<^ 



where R and r are the outer and inner radii, and D and 
d the corresponding diameters. 

12. Cubic Elasticity. — This, or as it is often called, 
elasticity of volume, relates to changes, not of length, 
breadth, or distortion, but to changes of volume. If a 
body be subjected to a stress normal to its surface at every 
point, its volume will be changed, and either increased or 
diminished. If the original volume of a body is V, and a 
pressure p be applied to its surface, the volume will be 
changed by an amount v when 

T=^ (XV.) 

K being the co-effi^cient of cubic elasticity. 




Consider the case of a cube acted upon by a 
uniform stress p, on every face. If L is the length of 
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side, and I the extension or compression, which would be 
produced by a longitudinal stress p ; then call the strain, 

I 

— = a 

L 

Now, considering the face A B C D ; the effect of the 
pressures p, will be to shorten the square in the direction 
A'D to an extent 



V m/ 



u 2a 

the — being due to the retardation of the shortening by 

the pressures on the other two pairs of faces. The total 
strain will thus be 



and 



(a - L^) 

V m/ 



K 1 



P Q/'.^^a 



\ TTl/ 



and as __ ^ _ P 



we have 



K= . E 



VE E mJ 

E Til 



3m- 6 



wherefore 



E 

But E = 2Gf 1 + — ^ 

\ m/ 



Therefore, 



2g(h-1) 

which easily reduces to 



(XVI.) 



w, = 5(3m-6) .... (XVII.) 



K(3m— 6) ^ ^ 

m=—^ T-\ . . . (X\III.) 



6K+2G (XIX.) 
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We have thus three co-efficients of elasticity E, G, and 
K, and their mutual relations are expressed by the 
equation just deduced. 

13. Bending. — A full investigation of the stresses and 
strains in bending will not be possible here. It is a larffe 
subject, and the reader is referred to one of the many books 
on applied mechanics for a full and sufficient treatment. 
It will only be possible here to deal with the main facts. 

In testing, only the simpler and more straightforward 
cases are dealt with, beams being generally tested when 
resting upon two end supports, and with the load applied 
centrally and at right angles to the axis of the beam. In 
some cases the ends may be fixed, and the load may be 
applied in a distributed form, but this is unusual. In the 
matter of form of cross-section, this may vary considerably, 
and every conceivable section may be tested. Thus the 
beams tested may be simple rectangular ones, beams of Hj 
T, and built-up sections, or they may be less symmetrical, 
as in the case of tram rails. Let us, then, take the 
simplest case first, namely, a uniform rectangular beam 
supported at the two ends, and loaded in the middle. 

The beam is supposed to be elastic and weightless. The 
distance between the supports, or the spati, is I (inches) 




J ll In" 



Fig. 11. 

and a load W (lbs.) is supported at the centre. The effect 

of this load is to impose pressures Ri and R2 upon the 

supports, such that 

W 
Ri = R2 = — s~. 
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and the maximum bending moment, M b, at the centre of 
the beam, is 

Mb = - ^1 • ^ — ^2 • ^ 
2 2 

= ^ (XX.) 

The immediate effect of hanging a weight W on any 
beam of elastic material will be a downward deflection, as 
shown in the figure, the upper surface becoming concave, 
and the lower convex. 

In part of the figure (2) the beam is shown before 
any load has been put upon it, and therefore in a perfectly 
straight condition. The beam is shown in its side 
view by the rectangle A B C D. If, now, the load W is 
hung upon it, a deflection will take place, with the 
result above described. If the beam had been composed 
of a number of layers, or laminae, the effect of the aeflec- 
tion and curvature would have been to simply alter the 
shape of each separate layer without either lengthening or 
shortening it. With a uniform elastic beam this is, how- 
ever, not the case. The beam, as a whole, is curved, its 
upper layers are shortened, and its lower layers extended. 
That this is so can easily be shown by making a V shaped 
notch on the upper surface G (Fig. 11) ; under the deflec- 
tion caused by the load this notch will close up and become 
a parallel slit. Thus the upper parts of the beam are 
shortened in the bending, and this shortening must be due 
to a compressive stress. Just in the same way it may be 
shown that the lower parts are thrown into tension by 
making a saw cut in the lower surface ; this opens under 
the stress, and becomes a V shaped notch, similar to the 
one that was made in the upper side of the beam ; in fact, 
the state of things is exactly reversed. It will be further 
seen that the width of opening at the lower side is greater 
at the surface and decreases towards zero near the centre, 
thus showing that the tensile stress is greater at the outer 
surface on the under side of the beam and zero at the 
centre ; the stress, both the tensile on one side and 
the compressive on the other, is proportional to its distance 
from the centre. The part of the beam towards the centre 
where the stresses each diminish to zero is called the 
"neutral surface," and the intersection of this with a 
vertical plane the neutral axis. 



BENDING. 



27 



The relation between stress, strain, and bending moment 
for a beam of uniform rectangular section is shown in the 
following way: — 



k /- — 




Fig. 12. 

Let it be assumed that the beam is of uniform material, 
whose modulus of elasticity in tension is equal to that in 
compression. Let the maximum stresses in the metal in 
tension and compression be ft and fc respectively. The 
section of the beam is shown on Fig. 12 as A BCD. The depth 
of the beam is d, and its breadth 6. Consider a strip of 
this section at a distance y from, and parallel to, the neutral 
axis X Y. Let this strip have a width S y, and let the stress 
at this distance from the neutral axis be fy. 

The total stress on the strip will be 

Jy • ^y ' ^> 

and its moment about the neutral axis 

But this stress fy is proportional to its distance from X Y, 
that is 



fc 



y 

~d 



_,./ 



fy = y 



d^ 
2 



So that the moment of the stress on the strip may be 
written 

fct I f -b 

y.--^-.Sy.b.y = -'—^ — r 



d 



d 



»2 8 



y- 
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The sum of all such moments taken over the whole section 
becomes the integral. 

2 '—f.h.y^dy 



f 



d 



Integrating, this becomes 



This is the total moment made up of the sum of all the 
stresses, varying from to/c, acting upon all the areas 
b , By, on one side of the neutral axis. If we suppose that 
the elastic properties of the material are the same in 
tension as in compression, then we shall have an equal 
moment of resistance on the tension side of the neutral 
axis. That is to say, 

2 , , ^l' 

ft being equal to fc = /, the total moment of resistance of 
the metal is the sum of these two, or 

and this is equal to the moment of the external forces 
acting on the section. Calling this Mb, we have 

Mb =/-^ .... (XXI.) 

= /Z (XXII.) 

Where Z is what is called the " modulus of the section." 

We can go back a step and write the moment again in 
the form of an integral 



^-^\fy"^y 



M^ 

'I 2 



which may be written in the form 



d 



Mb= d J hy'^dy 



J*' 



2 £ 

2 



The integral^ b y^ d y is called the "moment of 

d 
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inertia" of the section. It is the summation of the 
products of all small increments of area into the squares of 
the distances of these ^reas from the neutral axis. 

The moment of inertia is generally denoted by the 
letter I. If we call the distance of that part, of the 
section furthest from the neutral axis, and therefore under 
the maximum stress Y, then the above equation becomes 

-f = ( (XXIII.) 

Y in the present instance being equivalent to --. This 

last equation is perfectly general and applies equally well 
to sections of all shapes, the moment of inertia varying 
according to the form of the section. 

Here ■'^ = v ^^^ ^^ have 

that M= /Z, so that 

Z = Y {y^^V^>, 

a 

or the modulus of the section is equal to the moment of 
inertia divided by the distance from the neutral axis to the 
part of the section furthest away from it. 

In working out beam questions which require the use 
of the moment of inertia, it depends upon what is the form 
of the section, as to whether the moment of inertia is found 
by means of ordinaiy mathematical methods or the more 
usual formulae, or whether purely graphical methods must be 
employed. If the section under consideration is a feimple 
and regular one, then the proper formulae can be maiie use 
of, or the moment of inertia can be calculated ah initio. 
But in cases where the section is irregular or complicated, 
or both, the use of the following well-known graphic method 
will save time and trouble. 

The principle involved will be best explained by means 
of a simple example. 

A B C D is an ordinary rectangular beam section, 
with a neutral axis X Y. As before, consider a small strip 
of the area a b taken parallel to the neutral axis. The 
area of this strip isb 8y, and the stress upon it fy , where 

Jy Y' ''' 
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So that the total force upon this strip is 

This can be written, with a somewhat different mean- 
ing, as * 



Kr 



---??_ 



B 



Y ^ 



X^L-i. 



t \^^^^ 


d 


Q 








D 


Fig. 13. 







area 



or, instead of saying the total force on the strip is the 
reduced stress fy midtiplied by the whole area o . 8 y, we may- 
say it is the Tnaximvunb stress, /, multiplied by a reduced 

f -^ . 6 . ^ y\ which comes to the same thing. To 

obtain this reduced area graphically, it is only necessary to 
draw straight lines from A and B to the middle point of 
the neutral axis and they intercept a b in c and d, and the 
required area is the one shown darkened. If the process 
be extended to the whole area, a triangle similar to that one 
shown on the lower half of the beam, is obtained. 

This figure, which in this case is a triangle, is called 
the "modulus figure," for one side of the beam, and it is 
such that a constant stress / acting upon it would have 
precisely the same effect as a variable stress acting upon 
the rectangular section C F G D. The resultant of this 
constant stress acting upon the various parts of the area 
passes through the centre of gravity of the modulus figure, 



BENDING. 



31 



and the modulus Z is the product of the a^-ea by the 
distance of its centre of gravity from the neutral axis. In 
the case in question, the area of the modulus figure, on 
one side of the axis, is obviously 

2 2 ' 

2 d 

and the centre of gravity of the triangle is situated -q- • -«- 

from the neutral axis. So that the modulus of the section, 
taking both sides of the neutral axis, is 

\2 2 3 2/ 



6 

which is what we obtained by the previous method. 

This principle can be extended to more complex and 
difficult figures, and will be found of the greatest use for 
such cases as rail sections, rolled joists and beams, and 
awkward sections generally. 

((6J 




Fig. 14. (a) 

On Figs. 14 are shown two examples of these. That 
marked (a) is a solid circular section ; (6) is a section of a 
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cast-iron beam. The modus operandi of finding the 
modulus figure of a section of any shape is as follows : The 
figure of the section should be drawn to scale, and this 
figure should next be cut out in thin cardboard. This 
cardboard figure can now be balanced on some kind of 
knife edge in order that the position of its centre of 
gravity may be found. Through this point a line is placed 
upon the drawing to represent the neutral axis. Two base 
lines are now drawn parallel to the neutral axis; if the 
figure is symmetrical about the neutral axis, the base lines 
are equidistant from it, and are drawn through that 
portion of the figure farthest from the axis. If the figure 
is not symmetrical, the base, lines should be still drawn 
equidistant from the axis, and either at a distance equal to 
that of the farthest point on one side or the other, as will 
afterwards be explained. The modulus figure may now be 
drawn. 

A number of lines should be drawn parallel to the 
neutral axis, intersecting the boundary lines of the figure 
in a number of isolated points. In (a) one of such points 
is A. To get the corresponding point on the modulus 
figure, draw AB perpendicular to the base line LM; join 
B to the centre 0, cutting the horizontal line through A in 
C ; then C is the required point on the modulus figure. In 
this way, by taking in a number of points on the original 
figure, a number of corresponding points on the modulus 
figure may be obtained, by a precisely similar construction. 

Where the beam section is unsymmetrical, as at (6), the 
distance of the base lines has to be decided according to 
whether the stress considered is the maximum in tension or 
the maximum in compression. Thus, if the section is to be 
that of a beam loaded upon the top side, and supported at 
both ends, the beam will be carried downwards by the load, 
and the portion of the section above the neutral axis will be in 
compression, while that below is in tension. If it is desired 
to work on the maximum stress allowable in the metal in 
compression, then the base lines must be drawn at a 
distance from the neutral axis = C A ; if the stress in tension 
is to be used, as is usually done, the base line distance will 
be B C = C D. The construction is the same as before. 

When the modulus figure has been obtained in the way 
just described, the two portions, upper and lower, should 
be cut out in cardboard, balanced about a knife edge in 
two positions, and the centres of gravity of the areas found 
in this way. In addition to this, their areas should also be 
found, and the modulus of the section will easily follow. 
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It should be observed that, if the neutral axis has been 
correctly drawn through the centre of gravity of the 
original figure, and the construction of the modulus figure 



(i-) 




Fig. 14 (h), 

has been accurately performed, the area of that part of the 
modulus figure above the neutral axis will be equal to that 
below. This will serve as a check on the correctness of the 
work. The most convenient way of ascertaining the areas 
is by means of an Amsler planimeter. 

Let the area of that part of the modulus figure which 
is above the neutral axis be Ai; and that of the part 
below be A2. 

And let the distance of the centre of gravity of the first 
from the neutral axis be Xi, and that of the second x^. 

The modulus of the section will be 

Z = Ai, aJi+A2 aj2. 
But as 

Ai = A2. 

Z = Ai(a;i+aj2), 

or if we call the distance, perpendicular to the axis, of one 
centroid from the other, X, then we shall have 

Z = AiX. 

It is usual to take inches and square inches as units, 
where the moments are expressed in " inch-tons " or " inch- 
pounds," and the stresses m tons or pounds per square inch. 
d2 
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14. Deflection of Beams. — In connection with testing 
it is necessary to have a knowledge of the relation of 
stress and strain, not only so far as the small portions 
of beam sections are concerned, but to know how to deal 
with loads as related to the strains they give rise to in 
the beam as a whole. Loads upon a beam cause it to 
assume a curved form, and the extent of departure, under 
stress, of a portion of the neutral axis of the beam from its 
originally straight position is termed the deflection. This 
is the strain which it is generally most convenient and 
easy to measure during a test, and it is necessary to 
know how this deflection is connected with the intrinsic 
properties of the beam, and with the loads upon it. 




Fig. 15. 

Let a portion of a beam be bent under stress. Two 
plane sections B E and C D, which were parallel before 
bending, are inclined after bending has taken place. If 
these sections are taken near to one another, and if C D 
and B E be continued, they will meet in a point 0, which 
is the centre of curvature. 

Let A = R = the radius of curvature of the neutral 
surface. The neutral surface is under no stress, and is not 
altered in length. 

Let C B be the length of an outside fibre, at a distance 
Y from the neutral surface. 

Then, it will be easily seen that, 
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OB CB 
O A F A ' 
AB CB - FA 



or 



OA 



FA 



But 



CB-FA f 
FA ~E 



where / is the stress in the fibre and E the modulus of 

elasticity of the material of the beam, 

and 

AB Y 





A~R 




Therefore 


R~E' 




or 


1 i 

R~EY' 




But 


• y-T' 




"wherefore 








1 M 

■D — T? T 


. . (XXV.) 




Fig. 16. 

The beam, as a whole, is shown in Fig. 16. A horizon- 
tal tangent to the curved neutral surface A B is drawn at 
O ; the deflection at the centre is C B or 5. 

Now, from the properties of curves, it is known that 

1 d?v 1 
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Therefore we may write 

EI d(x? dx" 

Take the simplest and most frequently occurring case in 
testing, where the beam is supported at the two ends and 
loaded in the centre with a load W. The reactions at the 

supports are — , and the bending moment of any section 
distant x from is 

Integrating 



we have 






dx 4 4 



C, being a constant of integration. When cc = 0, the 

tangent is horizontal, so that — ^ = 0, C, = O. . 

dx 

Therefore E I ^= ^ (Zaj - »2\ 

dx 4 "^ / 

Integrating again 

C2 being again a constant of integration. When 

X = o,y = o, and C2 = o, 
therefore we have 



_ W fix" x^\ 
^" EI ^ 8 12; 



If we put X ='-^,y becomes the deflection at the centre, or 



_ . _ W / Z3 _ J^\ 
y ^ El \S2 96^ 



W /^ 
~ 48^E I (AaVI.) 

That is, for a horizontal beam of span I, and moment of 
inertia I, formed of a material whose modulus of elasticity 
is E, and loaded centrally with a weight W, the deflection 
at the centre, S, is given by the above formula. 
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For beams supported in other ways and loaded 
differently, the general forms of the formula are the same, 

but the constant, 48, in the denominator gives place to 
others, according to circumstances. 
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The above formulse may be written 

^=wr • • • • (XXVII.) 

Which is the form most useful in connection with experi- 
mental work ; W, I, 8, and I can be measured, and from 
them E can be calculated. 

TABLE II.— MOMENTS OF INERTIA. 



Section. 



Square 

Square 

Rectangle.. 
Circle 

Ellipse 

Hollow 
circle 

Hollow 
rectangle 

I. Section.. 



Cruciform. 





^ 



^ 



m 



I 





LJ. 




O 

T 
I 



-? 



*~iff— X 



 pSST 



V^/'yV/i I 



-B- 




-i 






Xa2sL.iL 




ff 



Area. 



a" 



a" 



hh 



u. 



4 


TT a 
4 


b 


^(D^ 


-d^) 


BH- 


bk 


BH- 


■bh 



bYi + l^h 



^—m 



Modulus of the Moment of 
Section. , Inertia.— I. 



a 



6' 



12 



bK" 
6' 



ird^ 
32 


irab^ 
32 


w{Yy*^d') 


32 D 


BH«-6A^ 


ttH 


BH^-6A^ 


6H 


6H'-B7i^ 



6H 



1 

a' 

12 


12 


6 A' 
12 


ird' 
64 


;r a 6^ 


64 


64 


BH«-6A* 


12 


BU'-6A' 
12 


ftU«-BA» 
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In the foregoing Table I. are the formulae, which are 
most likely to be of use in testing work. 
Here let W = the whole load on the beam. 
I =the length of the beam. 
E = the modulus of elasticity of the material. 
8 = the deflection caused by the load W. 
I =the moment of inertia of the section. 
M = the maximum bending moment. 
It should not be forgotten that the linear dimensions must 
all be taken in the same units, and the same remark applies 
to the forces. 

Table 11. contains the moduli and moments of inertia 
of the most commonly occurring beam sections will also be 
found useful for reference. More complicated sections 
should be treated graphically. 

A most important thing to remember is that all the 
relations as to stress and strain which have just been 
described are only true so long as the beam is perfectly 
elastic. When the elastic limit has been passed these 
laws no longer hold. 

15. Stresses and Strains in the Plastic State. — It has 
already been stated that if a strain following a stress is 
in any way permanent, then the material under considera- 
tion IS in a more or less plastic state. 

In the case of most of the metals stresses of a certain 
magnitude produce almost perfectly elastic strains ; if these 
stresses are increased beyond a fixed point, a condition of 
semi-plasticity is reached, and the plastic condition becomes 
more pronounced as the stresses are further increased. 

Thus if the loads upon a bar of mild steel be small, they 
will produce elastic extensions and the bar will return to 
its original length on the removal of the load; the 
extensions during this elastic stage are very small, and are 
only capable of being measured by means of delicate 
appliances. So long as the stress does not exceed about 
15 tons per square inch the elastic condition will be 
maintained; but when the stress is increased to much 
beyond this point, the semi-plastic extensions begin, and 
what is called permanent set takes place. The point where 
elasticity ceases and plasticity begins is called the elastic 
limit. When this point is passed, the plasticity is only 
partial and some elasticity remains. As the load is 
increased, however, the plasticity becomes more and more 
perfect, and when the point of fracture is nearly reached, a 
state very nearly approaching to true plasticity is arrived at. 
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We have not at present sufficient knowledge of these 
plastic properties to enable us to deduce any very definite 
laws respecting them, but a few of the relations existing 
between stress and strain under plastic and semi-plastic 
conditions may be quoted here. 

With the same notation as before (Fig. 4), let a bar be 
stretched to a length (L + /) from an original length L ; and 
let its original area of cross section be A, and the final 
cross sectional area a. Let us consider two stages : one at 
the beginning of the plastic state, and the other at or near 
the point of fracture. Assuming the volume to remain 
constant during the process and the cross section to remain 
the same along the whole length of the bar, we have 

(Initial volume) = L x A, and 

(Final volume) = (L + l) a. 

But the volume being practically constant, 

L X A = (L + i) a 

L a 

L + l=A 

or, 

L+7= "A 
This may be written ^ — - = — ^ . . . (XXVIII.) 

or, Extension Reduction of area 

Stretched length ~ Original area 

The percentage of reduction of area is usually calcu- 
lated for a bar after test, and is 

Reduction of area ^^^ 

Original area 

and the percentage of elongation is usually reckoned as 

Extension ..^^ 

Original length 

which is not the same as the ratio given above, where the 
extension is given on the stretched and not the original 
length. 

So that from this we gather that so long as the bar 
remains parallel, and the volume is constant, the per- 
centage of reduction of area, calculated on the original 
area, is always less than the percentage of elongation 
reckoned on the original length. 



Then 
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In compression, let 

A = original area of the cross section ; 
Ai= final area of the cross section ; 
L = original length of the specimen ; 
I = the shortening or strain. 



Oriofinal volume = final volume. 



^n 



A X L = Ai(L-0 

1 — = 1 - Al 

L-L A 

/, Ai-A 



L-L 



(XXIX.) 



The percentage of ") T The percentage of 
shortening reckoned on >■ = -( increase of area, calculated 
final length. .) (^ on the original area. 

1 6. Torsion. — When a shaft is subjected to a torsional or 
twisting moment, so long as the shaft remains perfectly 
elastic, we have seen (VIII.) that the twisting moment 

where r is the external radius of the shaft. This is for 
solid shafts. Where they are hollow, we have 

^" 2 ^ R 

As in the case of a prismatic bar under a tensile load, 
when the twisting moment exceeds a certain amount, the 
limit of elasticity is passed and, at first, the outer layers 
are strained beyond their elastic state, and this passing 
from the elastic to the semi-plastic state gradually proceeds 
from the outer surface inwards, until the whole cross 
section of the bar has passed beyond the elastic stage. 
When the elastic limit has been passed, the above equation 
is no longer applicable, and the intensity of the stress, 
which, under the elastic conditions, was proportional to 
the distance from the axis of the shaft, becomes more 
nearly distributed over the whole area. Experiments show 
that after the elastic limit has been passed, the shaft 
begins to assume a condition of partial plasticity, which, 
as the twisting proceeds, approaches the state of perfect 
plasticity, but never actually reaches it. 

The above are the relations between stress and strain 
under the elastic conditions. 
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At the other limit — perfect plasticity — we have the 
shearing stress uniform over the whole area of the cross 
section. 

Thus, /= constant. 

The resistance of each elemental ring of the section is 

f2irx8x 
and its moment f2Trx^8x. 

So that the total resistance, 

r 

T = 2 irffa^d 

o 



X 



= 1"/'^^ (XXX.) 



For hollow shafts 



T = |-/t (R» - r') . . . (XXXI.) 

17. The Flow of fletals. — It would seem strange at 
first sight to talk about flow taking place in a substance 
whose normal condition is that of a solid. But a little 
thought will no doubt bring to mind familiar instances of 
phenomena in solid bodies which are in themselves very- 
similar to many of those which are found to manifest them- 
selves in the more palpably fluid substances. We can 
proceed by easy stages from the flow of liquids to the flow 
of solids. Thus we are quite familiar with the flow of 
water, the more viscous now of oils, and the still more 
viscous flow of wet clay and mud. When a wax candle is 
placed in an unsupported horizontal or inclined position. 
It will be observed that after a time it will be found to have 
assumed a curved shape, and if the conditions are favourable 
may ultimately collapse altogether. This is undoubtedly a 
case of a movement of the particles, or flow, taking place 
in a substance which we usually look upon as solid. A 
similar ease is that of a rod of sealing wax left for a time 
under precisely similar conditions. It will be found 
that the weight of the wax — generally looked upon 
as a brittle substance when cold — has been sufficient to 
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cause a downward curvature of the rod. If a ball of hard 
and brittle tar be left standing for a time the spherical 
shape will gradually disappear, and the tar will settle down 
until it becomes a circular disc. 

A substance which exhibits the phenomena of flow to a 
striking degree is ice. Under sufficient pressure, this 
otherwise solid and even brittle substance can be made to 
flow out of an orifice much in the same wav as a viscous 
fluid. 

A still more striking instance of this molecular move- 
ment was quoted some years ago by Professor Blake, of 
Connecticut, U.S.A., who drew attention to certain 
geological phenomena which he had had under observation. 
What he noticed was that in certain conglomerates, the 
pebbles were all found to be of an elongated, flattened, 
ellipsoidal form. He was forced to believe, from other 
evidence which he held to be conclusive, that these shapes 
were entirely due to an elongation and compression having 
taken place under very great force. After admitting that 
in all the cases quoted, a movement of the particles or 
molecules must have taken place, what is called the flow of 
metals is not very difficult to recognise. 

In the first place, we are quite familiar with the fact 
that under conditions of high temperature, when wrought 
iron and steel are at a red heat, they assume a very visibly 
plastic condition, and can be hammered, pressed, or rolled 
into all manner of shapes. To effect these changes of 
shape and dimensions, certain stresses need to be applied 
or flow will not take place, at any rate in the short space 
of time required, unless these stresses exceed a certain 
minimum value. 

If the metal be treated in a similar manner when in 
the cold condition, similar effects may be produced, with 
certain modifications, but the applied stresses must be much 
greater before any flow will take place. Under this heading 
we have the cold stamping of iron and steel, wire drawing, 
the cold drawing of pipes, in all of which there is a most 
decided flow of the metal taking place, from one part of 
the mass to another. With the softer metals, such as lead, 
the appearance of fluidity is even more noticeable, and 
very frequent use is made of this property in the manufac- 
ture of lead for commercial purposes. For instance, pipes 
of lead are made by forcing tne metal under very nigh 
pressure through annular dies, the metal flowing out 
easily and smoothly, and retaining the form given to it. 
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Thus, it will be seen that there are a number of solid 
bodies which, under certain conditions, can be made to 
exhibit properties in many ways similar to those of the 
more viscous fluids. Of these solid bodies some are 
deformed and made to flow under exceedingly small 
stresses, often less than those induced by their own 
weights, if these stresses are only allowed to act for a suffi- 
ciently long time ; others require greater stress to bring 
about the plastic phenomena ; while there are some which 
require the application of very great stresses indeed before 
any signs of semi-plasticity show themselves. 

i8. Fluidity. — ^ When the stressupon a substance exceeds 
a certain limiting value, the distortion or strain will take 
place indefinitely without any further increase of stress. 
This is seen in the case of a bar of a ductile material 
when the breaking tensile load is nearly reached. When 
the bar becomes plastic, a condition of unstable equili- 
brium is reached, and a rapid extension takes place and a 
simultaneously rapid contraction of area. As the area 
decreases the intensity of stress on the bar increases, with 
the result that fracture very soon takes place, being 
generally preceded by local contraction. 

This limiting value of the stress, when plasticity is 
reached, has been called by M. Tresca " the pressure of 
fluidity." 

With the same notation as before, if p is the pressure of 
fluidity the load on a tension bar, when plasticity is 
reached, is 

Wi=^A .... (XXXII.) 
A being the area when fluidity begins. At a later stage, 
when the area has been reduced to a, the load upon the 
bar will be 

W^=pa . . . (XXXIII.) 
and as 

A ^ L + l 

a L 

we have 

Wi ^ Lj-Z 

W2  L • 

TABLE III USEFUL FORMULA. 

The following are the formulae whose use is most 
frequently required when working out the results of test- 
ing operations, and, in addition to those already tabulated, 
will be found useful for reference. 
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The sjrmbols used have the following meanings : — 

D = the outer diameter of a hollow cylindrical shaft in 
inches. 

E = the modulus of elasticity in tension per square inch. 

G = the modulus of rigidity in shearing and torsion in 
pounds per square inch. 

I = the moment of inertia of a beam section. 

K = the modulus of elasticity of volume in pounds per 
square inch. 

M = the bending moment on a beam, in inch-pounds. 

T = the twisting moment on a shaft in torsion, in inch- 
pounds. 

W = the central load on a horizontal beam, in pounds. 

Z = the Tnodulus oi the section of a beam. 

b = the breadth of a beam in inches. 

d = the internal diameter of a hollow, or the external 
diameter of a solid, shaft in inches ; also used to 
denote the depth of a beam in inches. 

/ = the maximum stress on a beam section, or on the 
section of a cylindrical shaft, in pounds per 
square inch. 

I = the length of a beam or shaft in inches. 

m = Poisson s ratio. 
r = the radius of a solid shaft in inches. 

8 = the central deflection of a beam in inches. 

<t> = the angle of twist of a cylindrical shaft in radians. 

a = angle of twist in deofrees. 

TT = the ratio of the circumference of a circle to its 
diameter = 3'1416. 
Elasticity. 

G^ 1 

E 



\ m./ 



In the metals m = 4, so that in this case 

G _ 2 

E - 5 
Ai 6K + 2G 

^^«"' "* = 3K-2G 

Cross-breaking, Beams. 

1? _ ^ ^^ for a central 

^^"' 48 6 I concentrated load. 
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Torsion. 
Where the shaft is elastic, 



T = — fd^ 
It) 






D*-d^ 



16 -^ . D 

~ 2 ^i "■ "360" ~L~ 
Q ^ 32Z_T ^ 5760 ? T 

(J ^ 32 ? T / 1 ^ 5760 1 T 



\D^ - (ly " 



TT <!> \D^ - dV 7r2 a (D* - d') 

Where the shaft is plastic, 

T= i /;rd8 
12 -^ 

and 



'r=^J-(j)'-d') 
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Chapter IL 

TESTING MACHINES. 

19. Every material of engineering whose strength is of 
any importance has, at some time or another, to resist force. 
The general intention, in all kinds of testing, is to so deal 
with small specimens of the material in question that they 
may be subjected to stresses similar to those which they 
will be expected to withstand when forming parts of actual 
structures. 

The stresses imposed on parts of structures are, or 
should be, safe stresses — ^that is to say, stresses which do 
not in any way produce deformation or deterioration of the 
material. In the testing machine, however, the treatment 
is as a rule different. In commercial testing, at all 
events, most specimens are tested to destruction, that is to 
say, stresses of such magnitude are apj)lied that complete 
failure of the material takes place. This failure may take 
the forms of rupture, crushing, splitting, or crumbling, 
according to the nature of the material and the kind of 
stress imposed. In some tests, especially in connection 
with educational and research work, the forces applied are 
only such as will cause elastic deformations, in which case 
they may be repeated as often as may be desired. 

The reason why specimens of materials are tested to 
destruction is that only by doing this can those qualities 
of the material be made to show themselves, which will 
enable the observer to gain a sufficient knowledge of the 
really important strength properties of his material. It is 
not sufficient to know, for instance, what is the maximum 
safe load that may be applied to a wrought-iron tension 
bar without producing permanent deformation, but more 
important than this is a complete knowledge of the 
uniformity, the ductility, and the nature of the internal 
structure of the iron; and such information as this can 
only be obtained by actually breaking the bar or testing it 
to destruction. 

When a specimen is to be tested, three functions have 
to be performed by the appliances used. These are as 
follow : — 

(a) The specimens must be firmly held, and such loads 
as may be desired applied. These must be steady loads 
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and constant in their application, whether the specimen is 
deformed or not. 

(6) The magnitude of the applied load must be capable 
of measurement to a reasonable degree of accuracy. 




\^ 




>^ 



Fig. 17. 

(c) The magnitude or extent of the deformations pro- 
duced bv the loads must also be capable of being measured. 

Of these three conditions the two first are necessary in 
all cases, and the appliances for carrying them out form 
the main features of all testing machines. The last con- 
dition is not indispensable, and is generally fulfilled by 
some piece of apparatus apart from the testing machine 
itself. It is with the two first that we are at present con- 
cerned, and the manner of carrying them into effect, which 
is employed in all the chief types of testing machines, will 
next be described. 

2o. Simple Forms. — The simplest kind of test that can 
be applied to almost any material is that under a tensile 
load, and as tensile tests form the greater proportion of 
testing work, most testing machines are arranged, in the 
first instance, for this kind of test, and usually slight 
modifications in the arrangement of the machine are adaed 
to enable tests of other kinds to be made. 

We have seen that it is necessary in a tension test to be 
able to apply such loads as may be desired, and at the 
same time to be in a position to accurately measure these 
loads as they are applied. It will be fairly obvious that 
the simplest way of thus applying loads to a specimen, 
and at the same time measuring them, is by fixing the 
specimen to be tested in a vertical position, with the upper 
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end firmly attached to a rigid support, and applying the 
loads in the form of deadweights to the lower end. This 
is show^n in the accompanying Fig. 17, where a wire, S, is 
being tested by placing weignts in a scale pan attached 
to its low^er end, while its upper end is fastened to a hook 
in a massive beam, resting at its ends upon supports. 
This is at once a simple and inexpensive form of testing 
machine, but it is an arrangement which can only be 
used to a very limited extent. 

So long as the cross section of the specimen is small, or 
the material of such a nature as is unable to resist great 
tensile stress, a *' deadweight" arrangement of this kind 
may be used. But when larger specimens of stronger 
materials have to be tested, other means must be sought 
for, both for applying the loads and for measuring them. 
When the loads are movable weights of a few pounds they 
are easily lifted on and off the scale pan, but when hundred- 
weights and tons come to take the place of pounds, it is no 
longer possible to deal with these in the same way. 

31. Tensile Testing: Machines. — In the deadweight 
machine the application and measurement of the load are 
effected by one and the same operation; in the larger 
testing machines, which we are now about to consider, 
these two are not auite the same thing. The principle in all 
tensile testing machines is the same. The specimen to be 
tested is firmly gripped or held at its two extremities. 
The shackles in which these ends are held are att£|,ched 
respectively to a measuring appliance at the one end, and 
at the other to a part of the machine which is so arranged 
as to be capable of exerting the required pull upon the 
specimen, and not only to exert a statical pull, but to 
exert this pull steadily through such a distance as shall 
be determined by the stretching of the bar, in order that 
the end at which the magnitude of the load is measured 
shall not alter its position relatively to the measuring 
apparatus. 

22. Metliods of Applying: tlie Load. — It is perhaps neces- 
sary to state a little more definitely what is meant by 
"applying the load." The application of the load is in 
reality the controlling or regulation of the load at the will 
of the operator. When a bar is being subj ected to a tensile 
load there must necessarily be at the respective ends two 
equal and opposite forces, and provision must be made for 
the application of these two. if one end is firmly held, 
and the load applied at the other, an equal and opposite 
e2 
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EuU must come on the fixed end in order to prevent its 
eing pulled away. So that the same load is really being 
applied to both ends simultaneously. It is, however, 
customary to speak of the straining apparatus being 
applied to the movable end, and the measuring appliance 
at the stationary end, although in reality both are exerting 
the same pull. In some few cases the measurement of the 
load and the straining are effected at the same end of the 
specimen. 

The two methods most in vogue for applying the load 
are those of hydraulic power and screw gearing. In all 
the larger testing machmes used in this country tne former 
is almost universally employed on account of its great 
capability of being easily controlled and manipulated, and 
by reason of its greater efficiency as compared with screw 
gearing. 

In many of the smaller machines, and also in one or 
two of the larger machines used in America, screw gearing 
is employed. By means of a direct-acting screw, or a worm 
wheel rotated by a worm and acting as tne nut on a fixed 
screw, bars of small dimensions can be readily strained and 
broken by the application of manual power, although the 
mechanical efficiency of such arrangements is extremely 
low, in some cases as much as 90 per cent or more of the 
work done by the operator being lost in overcoming 
frictional resistances. With a conveniently quick move- 
ment of the straining shackle the limit of load which can 
be applied by manual power is probably from two to three 
tons. Beyond loads in this neighbourhood manual power 
must be abandoned, and steam or other mechanical power 
made use of. 

33. Measurement of the Load. — The magnitude of the 
load is, in almost all cases, measured by some kind of lever 
weighing machine. In this way small movable weights, 
applied at great leverage, which may be variable or constant, 
may be used to measure loads very many times their own 
magnitude. It is according to the manner in which 
these weighing appliances are arranged and used that the 
various testing machines are divided into several distinct 
classes. They may be placed as follow : — 

I. Single -LEVER Machines. — (a) High power, with 
constant leverage, and movable small weights. (6) Low 
power, with variable leverage and constant large weight. 

II. Multiple - lever Machines. — (a) High power, 
with three or more levers, with variable moving weights on 
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the last lever. (6) Low power, with two or three levers, 
And variable moving weights on the last lever. 

III. Manometer, or Fluid Pressure Machines. — It 
will now be convenient to briefly describe these various 
types, and to limit the detailed description to the more 
iamiliar machines only, and to those with which readers 
may be likely to come in contact. 

I. Single-lever Machines. — On Fig. 18 are shown, at 
(a) and (6), diagrammatic views of two representative 
machines of this type. That at (a) is the Werder machine, 
largely used for scientific work on the Continent. In this 





Fig. 186. 



machine there is a single bell-crank lever ; the ratio of the 
length of the long arm to that of the short one is extremely 
large, so that very small weights placed on the scale pan, at 
the outer end of the large arm, produce correspondingly 
great levers on the specimen at S. It will be noticed that in 
this machine, on account of the lever being a right-angled 
one, the pull on the specimen is horizontal. 

The machine shown at (6) has a straight arm and com- 
paratively low leverage, so that the weight or weights "W 
must be large. In some machines of this type the weight 
yf is invariable in magnitude and acts as in a steelyard, the 
pull on the specimen depending upon the position of W 
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with respect to the fulcrum ; in others, generally tho 
smaller kinds, W is variable, the fine adjustments being^ 
obtained by the movement of a small constant weight on 
the lever. 

The chief example of this type of machine is to be found 
in the Wicksteed single-lever machine, in which a large 
moving weight is used. A number of smaller machines of 
the same kind are constructed by various makers. These 
machines are all vertical machines, the specimens to be 
tested being held in an upright position. 




(a J 




II. Multiple - LEVER Machines.— Of the second type 
of testing machines two examples are shown in the accom- 
panying sketch, Figs. 19. The diagram (a) represents the 
multiple-lever machine designed by the late Mr. Daniel 
Adamson. In this machine there are four levers, the first 
a bell-crank lever, and the remaining three straight ones. 
The total leverage is 15,000 to 1, so that a very small 
moving weight on the last lever measures a pull in the 
specimen fifteen thousand times as great. (6) is the two-^ 
lever machine of Messrs. Greenwood, of Batley. Here the 
leverage is 100 to 1, and the load upon the specimen is 
controlled by the application of the variable and movable 
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load W to the second lever. The first lever is bell-eraoked, 
and therefore the position of the specimen is horizontal. 

in. The accompanying sketch. Fig. 20, is intended to 
represent the principle upon which machines work which 
utilise fluid pressure for the measurement of the load. 
The best example of this type of machine is the Emery 



machine, whose use is almost entirely confined to America. 
This machine is said to possess extraordinary sensitiveness, 
and to be very easy to use and manipulate. 

In the diagram the straining cyhnder is at B, S is the 
specimen, whose ri"ht-hand end is attached to a 
diaphragm or flexible piston in what is virtually a 
shallow cylinder of large diameter at A. The total 
pressure upon this diaphragm is transmitted as the load 
to the specimen ; and the magnitude of this pressure, and 
therefore of the load, is measured by conveying the fluid 
to a smaller diaphragm, which again acts upon a system of 
measuring levers and balance weights. This is a hori- 
zontal machine. 

In all the machines which have been mentioned, the 
load is applied and the stretch of the specimen taken up 
by means of an hydraulic ram. The weighing appliances 
and the hydraulic ram are at opposite ends of the specimen 
in the case of the Wieksteed, Greenwood, Adamson, and 
Emery machines. The Werder machine alone of those 
which have been mentioned has both at the same end of 
ttie specimen, the other end being rigidly fixed to an abut^ 
ment attached to the bed of the machine. 

Before proceeding to compare these various machines 
and to discuss their respective advantages and disad- 
vantages it will be well to deseribe them in detail. 

*THE WERDER TE:sTING MACHINE. 
34. The Werder machine has been described as the one 
in which tests have been made, excelling in precision and 
"Unwin's "Testing of Materials,'' p. 12S 
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accuracy those of every other type of machine. Its general 
arrangement is shown on Fig. 18. The left-hand end of 
the specimen S is held firmly in grips attached to the rigid 
frame of the machine, and incapable of movement in either 
direction. The other end is held by grips, which are 
attached through links to the knife edge at the end of the 
small arm of the bell-crank lever. The other knife edge 
bears on the fulcrum, which is carried upon the outer 
end of a horizontal ram, working under hydraulic pressure 
in a cylinder rigidly fixed to the framing of the machine. 

In the Werder machine used by Bauschinger, capable 
of exerting a pull on a specimen of 100 tons, the 
fulcrum distance, or the distance between the two knife 
edges on the short arm of the lever, is only 4 milli- 
metres (equivalent to about i\in.); and as the long or 
horizontal arm of the lever is 2,000 millimetres, or 500 times 
the length of the small arm, a leverage of 500 : 1 is obtained. 

The load on the specimen is controlled by adding weights 
to a scale pan hung from a knife edge at the outer end of 
the lever. In order that the full load of 100 tons may be 
applied, it is only necessary, with this large leverage, to 
have a load in the scale pan of 

2,240x100 _..,, 

500 **^^^' 

or, 4 cwt. 

As the load upon the specimen is increased by the 
placing of small weights in the scale pan, and as the 
specimen in consecjuence stretches, the lever relinquishes 
its horizontal position, and becomes inclined downwards. 
To counteract this and keep the lever floating horizontally, 
water is pumped into the ram cylinder by means of hand 
pumps, the ram driven outwards, and the lever restored to 
Its proper position. In order to ascertain when the lever 
is floating horizontally, a spirit level is attached. 

In addition to its use for tensile testing, special attach- 
ments can be made for the purposes of compression, 
bending, and torsion. 

THE BUCKTON-WICKSTEED SINGLE-LEVER TESTING 

MACHINE. 

25. This, the second of the single-lever machines, has 
already been shown diagrammatically in Fig. 18, and its 
general principle briefly explained. The simplicity of this 
principle makes the machine very convenient to use and easy 
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to manipulate. The lever is a straight horizontal one resting 
upon a norizontal knife edge ; the upper end of the specimen 
to be tested is attached to the short arm of the lever ; a 
heavy poise or balance weight rests upon the long arm, 
and causes the short end to exert a pull upon the specimen. 
The weight is a heavy one, and oi invariable magnitude, 
and the variations in the load upon the specimen depend 
upon the relative positions of the poise weights. 

The lever being straight, and the force exerted by the 
balance weight being vertically downwards, the pull upon 
the specimen is vertically upwards, and consequently the 
specimen must be held in a vertical position. It may be 
mentioned that most of the large machines of the 
Buckton or Wicksteed type, which are in use at the 
present time in this country, are either of a 50-ton or 
100-ton capacity. 

*26. The 50-ton Machine. — On Fig. 21 is shown a side ele- 
vation of a Buckton 50-ton testing machine, and a careful 
inspection of this figure ought to make clear to the reader 
its general principle and arrangement, and the way in 
which it is manipulated. Most of the Buckton-Wicksteed 
vertical machines in use in testing laboratories in this 
country and abroad are designed and built upon the same 
lines, although many of them have their own peculiarities 
in detail ; these will be referred to later. 

The distinctive features of the Buckton-Wicksteed type 
of machine have already been briefly referred to and 
described. The tension specimen which is to be tested is 
held at its lower extremities by wedge clips resting in a 
shackle, which is linked to the piston rod of an hydraulic 
cylinder ; this is bolted to the lower part of the main 
standard of the machine. 

The upper end of the specimen is fixed in a similar 
way to a shackle hanging from a suspending link, which is 
itself hung from the knife edge D. This knife edge is fixed 
into the beam or steelyard A ; so that any pull that is put 
upon the specimen is directly transmitted to this knife 
edge in the beam. The beam itself consists of two plates 
or sides joined by cross pieces at the ends and at inter- 
mediate points, and is, for the most part open between the 
plates. In some machines this beam is constructed of 
steel side plates and cast-iron cross pieces ; in some others 
the whole is made in one casting. 

The steelyard has fixed into it a knife edge B, the edge 

* f'roc. Inst. MecH. Kng., 1882 and 1886. 
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pointing downward, and this rests upon a hardened steel 
plate attached to the top of the standard, which in this 
way carries the load on the specimen as well as the whole 
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* Proc. Inat. Mecb. Eog., 
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weight of beam, poise weight, and fittings. The two knife 
edges, one of which (D) points upwards, and the other (B) 
downwards, are so placed that when the beam is in its 
normal position these two edges lie in a horizontal plane, 
which also should contain the centre of gravity of the 
beam and poise weight. * 

The poise weight, marked C in the figure, weighs 1 ton, 
and consists of two solid cast-iron discs joined by a con- 
necting piece at the top, and it hangs, saddle fashion, over 
the beam. It rests on the beam through four small wheels 
or rollers, which traverse pathways on each side of the 
beam. In this way the weight can be moved from end to 
end of the beam. Its movement and position is controlled 
by a screw running the whole lengtn of the beam, and 
rotated by gearing. The traversing of the weight can be 
effected by the movement of a hand wheel, but in many 
instances a belt connection is made, so that the weight can 
be traversed by power by the simple movement of a lever. 
This is especially useful for rapid testing, and is almost 
indispensable for bringing the weight back to its zero 
position when a test has been completed. 

When there is no pull on the specimen, and the beam 
is perfectly balanced, the poise weight G is in the position 
shown, to the left of the knife edges. It has been said 
that the knife edges and the centre of gravity of the beam 
lie in a horizontal plane. This position of the centre of 
gravity can be adjusted by means of a small balance 
weight, which is capable of being raised or lowered ; by 
bringing the centre of gravity into the same horizontal 
plane as the knife edges a condition of neutral equilibrium 
IS obtained, which is necessary for accurate testing. The 
plan of having the poise weight at the negative end of the 
steelyard, when the machine is in equilibrium, is quite a 
distinctive feature of the Buckton single-lever machine. 
In order to increase or measure tne load upon a 
specimen held in the clips it is only necessary to rotate 
tne hand wheel E either by hand or power, and so cause 
the poise weight C to move upon its rollers towards the 
right-hand end of the lever. This throws the whole system 
out of balance, and causes a load to come upon the 
specimen. As the poise weight is 1 ton, and the distance 
between the knife edge B and the knife edge D, 3 in., for 
every 3 in. traversed by the weight in moving along the 
beam in the direction of the long end, an additional load 
of 1 ton is put upon the specimen in the jaws. The extent 
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of this movement from the normal position shown in the 
figure, to the extreme position of tne right-hand end of 
the beam, is 

50x3 = 150 in., 

which is equivalent to a maximum pull upon the specimen 
of 50 tons. 

The pull on the specimen being 50 tons, and the poise 
weight 1 ton, when tne full load is on the specimen the 
effect is the same as would be produced by a simple lever 
whose length of the arms were 150 in. and 8 in. But, when 
the poise is at the negative end of the lever, it is balancing 
the heavy end, which is itself equivalent to 1 ton hung at 
the end of the otherwise balanced lever. So that when the 
poise has moved to its full extent, the actual weight used 
for measuring the stress is really double that of the poise, 
or 2 tons, and the actual leverage is 

^, or 25 to 1 

It will be seen that any variation of the magnitude of 
the load upon the specimen depends upon only the position 
of the poise-weight, which itself is invariable. In order, 
therefore, that the operator may be able to ascertain and 
observe the load, a steel graduated scale is attached to the 
side of the beam, by means of which the position of the 
weight, and therefore the magnitude of the load, may be 
gauged. The scale of the machine in question is divided 
into equal lengths of 3 in., each equivalent to 1 ton ; each 
of these tons is subdivided into tenths and twentieths; 
and by means of a sliding vernier attached to the moving 
weight further subdivisions into hundredths and two- 
hundredths of a ton may be effected. In all machines of this 
type the position of the vernier is made adjustable, so that 
when the poise weight has been brought to such a position 
that the beam is in perfect equilibrium, previous to a test, 
the vernier can be set with its zero point coinciding with 
the zero of the main or parent scale. This adjustment is 
often rendered necessary in the case of some tests, such as 
those in compression and bending, when extra heavj 
tackle has to be hung from the shackles and the beam is 
thrown out of balance ; this state of things also exists 
when very heavy specimens are being tested. 

In order that the position of the weight may be truly 
indicative of the load. upon the specimen the beam must 
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at all times be floating — that is to say, it must be acted 
upon by no other forces than its own collective weight, the 
pull on the specimen, and the pressure upon its mam knife 
edge. It will be noticed that at the right-hand end of the 
beam in the illustration there is a pillar G, terminating at 
its upper end in two stops H and S. The beam is free to- 
oscillate between these limits, but cannot pass beyond 
them. When the beam is horizontal and in equilibrium, 
its end is about midway between these stops, and it should 
remain as nearly as possible in this position throughout a 
test. If the beam is resting upon the bottom stop, some 
of the weight of the beam and poise is being taken up by 
it, and the position of the weight is no indication of 
the load on tne specimen. On the other hand, should the 
end of the lever rest against the upper stop, the load on 
the specimen will be greater than would appear to be the 
case from the scale reading, because there is an additional 
and unknown force acting upon the beam through tho 
stop, and at the full leverage of the machine. 

It is, therefore, extremely important that the beam be 
always kept floating freely between the upper and lower 
stops. To maintain this condition, use is made of the 
hydraulic appliances. At F is a vertical hydraulic cylinder 
bolted to the lower end of the standard of the machine. In 
this cylinder works a piston fitted on the upper side with a 
cup leather. A piston rod passes through the top of the 
cylinder, and is made watertight by a second cup leather. 
The upper end of this rod screws into the crosshead which 
carries the lower holding shackle. In the earlier machines, 
two cup leathers were fitted to the piston, and water under 
pressure could be admitted either above or below the 
piston — above, when it was desired to increase the load on 
the specimen, and below, when the piston had to be 
brought back to its normal position after the completion of 
a test. In the later designs the piston is brought back to 
its normal position by means of a balance weight acting at 
the end of a small lever ; this is shown in the figure. 

Suppose a bar, S, to be in the machine, and the load to be 
moved along the beam. If the beam is perfectly horizontal 
to begin with, the stretching of the specimen, which 
necessarily accompanies an increase of load, will cause it to 
fall towards the lower stop, very slightly at first, while the 
specimen is still elastic, and more rapidly at a later stage> 
when permanent set begins to take place. It, therefore^ 
becomes necessary to bring the beam back to its horizontal 
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position, and to, as nearly as possible, keep it there. To 
raise the right-hand end of the beam the lower end of the 
specimen must be moved in a downward direction, and this 
is effected by slightly opening the hydraulic valve which 
admits the high-pressure water above the piston. The 
piston is thus moved downwards, it carries with it the 
lower end of the specimen, and the beam is raised to its 
normal position. 

During a tensile test, therefore, especially if the material 
tested be of a ductile nature, the machine has to perform 
two distinct functions — namely, that of applying and 
measuring the loads, and, at the same time, taking up the 
stretch oi the specimen in such a way that the end of the 
specimen at which the load-weighing apparatus is attached 
does not, to any appreciable extent, alter its position with 
respect to the body of the machine. 

These two functions are under the control of the 
operator who is performing the test. He regulates the loads 
either by means of the hand wheel rotating the 
screw, or by means of a belt lever which causes the 
same thing to be done by power; and he takes up the 
stretch or strain by allowing or causing water under 
pressure to flow into the straining cylinder. 

It will be noticed that on Fig. 21 is a small piece of 
apparatus to the right of the standard of the machine. 
This is Mr. Wicksteed's appliance used for the production 
of autographic diagrams, and will be described later. 

Fig. 22 shows a general perspective view of the same 
machine as that represented on Fig. 21. 

37. Methods of Applying: the Hydraulic Power. — In 
the Buckton-Wicksteed machines now in use, there are, so 
far as the author is aware, three different ways in which the 
water under pressure is supplied to the straining cylinder. 
These are, first, by means 01 a set of power-driven pumps 
working with an accumulator ; secondly, by means of an 
intensiner ; and lastly, by what is called a quiet com- 
pressor. These will be briefly described. 

38. Pumps and Accumulators. — In this arrangement 
water is drawn from a supply tank, and pumped at a high 
pressure into the ram cylinder of an ordinary hydraulic 
accumulator, which is so loaded as to maintain the required 
pressure. From the accumulator the water is delivered to 
the ram cylinder of the machine, and the supply regulated 
by means of a valve manipulated by the operator. When 
a test has been completed, an exhaust valve is opened and 
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the water released and allowed to flow back to the supply 
tank. The pumps are usually driven by power traDsmitted 
by belts from the line shafting, though in some cases the 
pumping can be, and is, effected by manual labour. In 



the case of belt-driven pumps, the belt fork is provided 
with a tappet rod, so arranged that when the accumulator 
load reaches the top of its stroke, it engages with one of 
the tappets and thus throws the belt on to the loose pulley. 
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and the pumping ceases. The second tappet performs the 
converse operation of starting the pumps when the load 
falls below a certain point. 



Fig. 23 Hydraulic InteiiBlQer. 

29. Intensifier. — This mode of providing a supply of 
high-pressure water may he used when there is no 
mechanical power available, and at the same time there is an 
abundant supply of water at a comparatively low pressure. 
The general arrangement of the intensifier is shown in the 
accompanying diagram, Fig. 23. A is a cylinder of large 
■diameter, say 2 ft. 6 in., in which a piston, B, works. The 
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rod C of this piston performs the function of a ram working 
through a stuffing box in the smaller ram cylinder D. If 
the ram or piston rod is, say, 3 in. in diameter, the respec- 
tive areas of the piston and ram are in the proportion of 
100 to 1 ; and, neglecting friction, the water pressures will 
be in the inverse ratio. Thus, if water at 50 lb. per sq. in. 
pressure be supplied at E to the under surface of the 
piston, it will force water from the outlet pipe of the 
upper cylinder at a pressure of 

50 X 100 = 5,000 lb. per sq. in. 
The supply of water to the straining cylinder of the 
machine can either be directly controlled by a valve in the 
supply pipe F, or it can be regulated by controlling the 
supply of low-pressure water to A through E. The latter 
is the better way. 

30. The ** Quiet" or Screw Compressor. — Here the 

water is supplied at high pressure by a ram being forced 
into a ram cylinder by means of screws and gearing worked 
by belts from the line shafting. Its mpde of action is shown 
in Fig. 24. A countershaft on the compressor is rotated 
by means of a belt from an overhead line shaft. This 
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Fig. 24.— Quiet or Screw Compressor. 



countershaft drives, through intermediate gearing, two spur 
wheels, acting as nuts upon the pair of screws, which 
are in this way drawn in the direction of their length along 
the two sides of the ram cylinder. The ram itself is 
carried by a crosshead, which is attached to the ends 
of the screws, so that a movement of the screws means 
also a movement of the ram. As the ram enters the 
cylinder it drives out a supply of water at the required 
pressure. 

When working the machine, the movement of the ram 
in the straining cylinder is brought about by the movement 
of a hand lever, which shifts the belt on the compressor 
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from the loose to the fast pulley, and so puts the compress- 
ing ram in action. Two belts are used with a quick return 
motion, so that the compressing ram can be run out more 
quickly than it is driven m. 

The adoption of one or another of these three systems of 
hydraulic supply depends, to some extent, upon the existing 
conveniences oi the testing laboratory — whether there is 
shaft power available, whether there is an abundant supply 
of low-pressure water, and so forth. Probably the three 
systems might be placed in the following order, as regards 
their convenience and adaptability : (1) Pumps and accu- 
mulator ; (2) Intensifier ; (3) Screw compressor. In much 
of the testing work carried out, speed and continuity of 
action are of the greatest importance. This latter is lacking 
in both intensifier and compressor, whose immediate 
capacity is limited to the volume swept out by one stroke 
of the ram. Nothing is more annoying than to have to 
wait, either at the beginning of a test or, what is worse, in 
the middle of one, until the ram has been brought back to 
its initial position ready for another stroke. This is a thing 
that may happen, especially when the specimen is a long 
one of very ductile material, requiring a large move- 
ment of the straining ram before fracture takes place, and 
also when the cup leathers are a little leaky. 

On the other hand pumps can be kept continuously 
running, and any excess of water coming from them simply 
goes to the accumulator to wait until its use is required. 
An objection sometimes raised against pumps is that they 
give rise to a pulsating action on the specimen. This is to 
some extent true, but it is a difficulty which can be met 
by pumping up the accumulator before a test, stopping 
tne pumps during the test, and working only from the 
accumulator ; as soon as the test is complete, the pumps 
can be started and kept going during the interval preced- 
ing the next test. Another objection to the pump system 
is that in this case the supply of water to the straining 
cylinder must be directly controlled, and, as the water 
pressure gets as great as 2 or 3 tons per sq. in., it will 
readily be understood that the valve must be under 
perfect control, and in order to easily manipulate the 
floating beam, the lever controlling the valve spindle 
must be of large radius. Two consecutive valves are 
better than one. 

The above remarks apply equally well to all kinds of 
testing machines. 



100-TON BUCKTON MACHINE. 05 

THE BUCKTON-WICKSTEED 100-TOX VERTICAL 

MACHINE. 

31. A better known one than th^ 50-ton machine which 
has just been described, is the 100-ton machine, also 
designed by Mr. Wicksteed, and made by Messrs. Buckton, 
of Leeds. The principle and the general arrangement are 
precisely the same as before. The detailed design varies 
greatly m different machines, and no two are precisely alike. 
In addition to appliances for tension testing, most of the 
more recent machines are provided with arrangements 
whereby tests in compression, bending, and sometimes tor- 
sion, can be carried out. These will presently be described. 

In most of the 100-ton machines the main knife edge is 
supported on the top of a hammer standard, as in the 
machine last described ; in several, a casting resting upon 
four circular pillars supports the beam. 

By this last arrangement the specimen which is being 
testea is more accessible on all sides, and also it is more con- 
venient for compression tests, where the compression plates 
are guided in a truly vertical direction by being made to 
slide upon four planed surfaces formed on the inner sides 
of the pillars. 

In the case of one machine, that at the Yorkshire 
College, Leeds, the standard, which is of the hammer type, 
is of exceptional height, its base being some distance below 
the floor of the testing room. A tension specimen 
10 ft. long may be broken in the machine. This machine 
is so arranged that the operator stands upon a platform 
which can be raised or lowered in order that readings can 
be taken at any point on the specimen. 

In two, at least, of these machines, namely, that at 
the Central Institute of the City Guilds of London, and at 
the Yorkshire College, Leeds, the ordinary capacity is only 
50 tons, but by hanging a deadweight at the end of the 
lever of such a magnitude that it is equivalent to 50 tons load 
on the specimen, the capacity is increased to 100 tons. 
When using the machine for loads beyond the 50 tons, the 
poise weight is first moved outwards until the load has 
reached 50 tons. It is then brought back to the zero 
point, the stationary load hung on the end of the lever, 
and the test proceeded with. 

The machines at University College, Liverpool, *Brad- 
ford Technical College, and Edinburgh University have 

* Engineering, 1896. 

f2 
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their levers provided with alternative knife edges. The 
ordinary fulcrum distance on the 100-ton machine is 4 in., 
with a poise weight of 2 tons, giving a maximum load, 
with the full movement, of the weight of 100 tons. If, 
now, the fulcrum distance can be increased, say, to 12 in., 
where before a movement of 4 in. meant an increase in the 
load of 2 tons, now a movement of 12 in. gives the same 
increase of load, and the maximum load is only one-third 
of what it was before. By this means a much more 
sensitive machine can be obtained for light testing. In the 
three machines mentioned above, this plan has been adopted, 
and two knife edges provided, either of which may be 
used. The operation of changing from one knife edge to 
the other is not a lengthy one, and may be performed with 
comparative ease. 

32. The Knife Edgres. — The knife edges used in all these 
machines are made of hardened steel ; they are 20 in. in 
length, and rest upon flat steel plates, also hardened. The 
maximum load on the specimen being 100 tons, the load on 
the main knife edge is this load plus the weight of the 
poise and beam, or rather more than 

-^ y = 5 tons per in. of length. 

33. Graduation of tlie Steelyard. — If the fulcrum 
distance is 4 in. and the poise weight 2 tons, then 
differences of load of 1 ton will be given by a movement 
of the poise weight of 

|=2in. 

These 2 in. distances are marked upon a steel scale attached 
to a beam. They are divided into tV^hs of a ton; and 
further, by means of a sliding vernier attached to the poise 
weight, into hundredths and two-hundreths of a ton. 

34. Compression. — So far, the machines which have 
been described have only been considered as suitable for 
tensile tests ; but, in addition to these, all testing machines 
of any importance are provided with means whereby 
specimens may be tested under compressive and bending 
stresses. 

The general principle adopted for the carrying out of 
these tests is the same in all machines, whether horizontal 
or vertical, single lever or multiple lever. 

On Fig. 25 is shown a side elevation of the standard 
and holding shackles of a 100-ton Buckton testing 
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machine. It will be observed, from what has already been 
said, that the upper gripping shackle suspended from the 
knife ed^e in the beam is at A. The second gripping 
shackle is attached to the crosshead C, and by it the 
lower end of the tension specimen is gripped. A tension 
specimen thus held is shown dotted in tne figure. The 
crosshead C can be raised or lowered by two screws D, D, 
rotated by means of a worm wheel and worm attached to 




Fig. 25. — Arrangement for a Compression Test. 

m 

the handle G. The screws pass into nuts attached to a 
crosshead, which itself is carried by the ram of the straining 
cylinder E. So that when the ram is driven out of its 
cylinder by the influx of the pressure water, the crosshead 
F, the two screws D, D, the crosshead C, and the lower 
tension shackle, all move downwards together. The screws 
are necessary for varying the distance between the shackles, 
so as to suit specimens of different lengths, and also for 
tightening the wedges when fixing a specimen in the 
machine for tesuiiig. 
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So much for tension. When testing in this way the- 
pull from the lever comes through A, and the pull is. 
against the unyielding crosshead C. , Precisely the same 
two parts are used in compression testing, but in rather a 
diflferent manner. In the diagram, S represents a com- 
pression specimen which is to be tested. Its lower end 
rests upon a plate B ; this plate is hung directly from A 
by four round bars, two of which L, L, can be seen. The 
upper end of the compression specimen rests against the 
under part of the crosshead C. So that when a load is. 
applied, it is transmitted through the shackle A and the 
bars L, L, to the lower plate B, which pulls the lower end 
of the specimen S upwards, and the specimen is caused to 
press against the crosshead G. As the load increases and 
the specimen contracts in length, the crosshead C is moved 
downwards by the ram and m this way the strain taken 
up. As in the case of tension testing, specimens of varying 
lengths can be accommodated by altering the position of 
the crosshead by means of the screws D, D. 

35. Transverse Tests. — Fig. 26, which is taken from a 
photograph of a 5-ton machine by Messrs. Buckton, shows 
very clearly the arrangement which has just been described.. 
Here, the lower plate B (Fig, 25) is elongated so as to form 
a support which is used to carry bending specimens. 

When a bending test is to be performed the beam to be 
tested is placed upon two brackets, one at each end of 
the above-mentioned support. These two brackets carry 
semi-circular steel plates, upon which rest the ends of the: 
beam to be tested. These plates can rotate to a small 
degree in their bearings, and accommodate themselves, 
to the lower surface of the beam, which becomes inclined 
as the beam bends under the load. 

The load is applied by the pressure of the beam against a. 
dull knife edge attached below the upper crosshead. Here 
the usual order of things is reversed, and instead of the 
load being brought down on the centre of the beam as it 
rests upon fixed supports, the central knife edge is fixed, 
and the beam is pulled up against it by the lever. As 
the beam deflects the strain is taken up by the lowering of 
the crosshead, and the load is measured as before. 

The same means as are adopted in this 5-ton machiue 
for transverse tests are employed in the larger machines ; 
in fact this machine embodies all the essential features of" 
the larger single-lever machines, and only differs from them 
in that it is smaller, and has a correspondingly reduced 
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■capacity, and also that the jockey weight is transversed by 
hand entirely. In this case the strain is taken up not by 
hydraulic ram, but by a simple screw and gearing worked 
by hand. 



Fig. 2a.— BauKtoa o-Con Vertical Testing Idacbine. 

36, 100-ton Machine at Sydney University.* — The illus- 
tration, Fig. 27, represents a 100-ton Euckton-Wieksteed 
single-lever testing machine, which possesses several novel 
features which are worth recording. 

This machine, which was built several years ago (1893) 
for Professor Warren, of the University of Sydney, has a 
maximum power of 100 tons, and can be used to test bars 
10 ft. in length in tension or compression, and is able to 
test a beam 3 ft. deep, 20 in. wide between supports 15 ft. 
apart. It is fitted with Wicksteed's alternative fulcra, 
"Engineer, September 8tb, 1893. 
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which have already been mentioned, and ^ by means of 
which the maximum capacity of the machine can be made 
either 100 tons or 50 tons, as may be desired. The main 
fulcrum upon which the beam rests is supported .by four 
cast-iron pillars, on whose inner sides are slides to guide 
the upper and lower plates during a compression test. 
These four pillars, or rather their continuations, extend 
down to a cast-iron bed placed in the basement beneath 
the testing room floor. About half way up, or on a level 
with the laboratory floor, is a steel-riveted girder attached 
to the four supporting pillars, and carrying at its ends the 
supports used m the transverse tests. 

When a test of this kind is to be carried out, a stirrup 
is hung from the upper tension shackle ; this stirrup carries 
a V block which rests against the under side of the beam 
to be tested, and forms the point where the load, as 
registered by the readings on the lever scale, is applied to 
the beam — upwards in the centre. The two ends of the 
beam being tested rest against supports which are carried 
by the standards at the two ends of the riveted girder. 
These supports are attached to the ends of two hydraulic 
rams, working downwards. 

The method of testing a beam in this machine is as 
follows: The beam having been placed in position, the 
poise weight is caused to move towards the long end of the 
lever, and the load on the centre of the specimen thereby 
increased. As the load increases, the specimen deflects, 
and in order to take up the strain, and so keep the centre 
of the specimen stationary and the lever floating hori- 
zontally, water supplied under pressure from pumps and an 
accumulator is admitted through a valve into the two 
cylinders above the ends of the specimen. Their rams are 
forced downwards simultaneously, and the strain taken up. 

It will be seen from the illustration that the standard 
supporting the two-ram cylinders can be moved inwards 
or outwards by means of racks and pinions, so that the 
lengths of the specimens can be varied. By having the 
direction of the specimen coinciding with the direction of 
the main lever of the machine, beams of large span can be 
tested on the minimum of floor space. 

37. Rapid Testing: Machine. — Fig. 28 shows one of the 
latest 100-ton machines made by Messrs. Buckton. It is 
intended for purely commercial work in tension, and is 
designed for testing a number of specimens in rapid 
succession. It is actuated throughout by hydraulic 
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pressure supplied from an accumulator. The straining 
IS effected by the pressure of this high-pressure water 
on the upper side of an hydraulic piston. When a test 
is complete the water is released from the top of the 
piston and applied to the bottom, so as to cause it to return 
to its normal position. 

Not only the straining, but the regulation of the load 
also, is effected by hydraulic means. It will be seen from 
the illustration that there is a horizontal hydraulic cylinder 
below the main lever. When the water under pressure is 
admitted to this cylinder the ram is forced out, and through 
a simple system of multiplying pulleys and cords, the poise 
Aveight is pulled along the beam and the load on the speci- 
men increased. At tne end of a test the poise is brought 
back to its zero position by the balance weight, shown to 
the left of the figure. A parallel motion on the poise 
weight keeps the pull of the cords always horizontal, and 
prevents their tension affecting the load on the specimen. 
Its use is limited to tension testing. The accuracy of the 
machine is guaranteed to 1 in 5,000 and it is designed to 
test with this degree of accuracy samples at the rate of 
60 per hour, and a record is said to have been reached 
with lighter specimens of 120 in the hour ! The machine 
illustrated is in use at the Dowlais-Cardiff works. 

HOllIZONTAL COMPOUND -LEVER TESTING MACHINK 
By Messrs. Daniel Adamson and Co., Hyde. 

38. The two last machines which have been described, 
namely, the Werder and Buckton-Wicksteed, are both of 
the single-lever tvpe. We next come to the compound- 
lever machines, of which the one designed by the late Mr. 
Daniel Adamson will be described first. The general 
arrangement of the machine has already been shown on 
Fig. 19 (a). A side elevation of a 100-ton machine of 
this type is shown on Fig. 29*. The machine is 
arranged to test specimens in the horizontal position. 
All the parts are carried upon one cast - iron box 
framing, so that the machine is quite self-contained. 
At the left-hand end (as shown on the diagram) is an 
hydraulic cylinder, fitted with a ram, which moves in 
an outward direction towards the left. This is the strain- 
ing cylinder, by means of which the strain of the specimen 

* Journal of the Iron and Steel Institute, 1888. 
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is taken up. In this particular machine the water is 
supplied to the ram cylinder by means of a set of pumps, 
which can be worked by power, or manually through tne 
large hand wheel shown m the illustration. The water 
tank from which the pumps draw their supply is shown at 
G, and the pumps are immediately at the back of the ram 
cylinder. At the end of a test the ram is restored to its 
initial position by the heavy balance weight shown hanging- 
from the chain, the water being allowed to escape from the 
cylinder into the tank. 

Two side rods I connect the ram with the left-hand grip 
box or crosshead H. The left-hand end of the specimen 
L is held in this box by means of steel wedges. The cross- 
head itself slides on the upper planed surface of the bed. 

The right-hand end of the specimen L is held in the 
wedges of a second grip box K, which is connected by a 
horizontal link with the lower knife edge of the first lever, 
a steel plate attached to the link resting against the knife 
edge itself, which is embedded in the lever. In order that 
there may be no sliding friction between the crosshead K 
and the bed of the machine, the whole weight of the cross- 
head and its link is carried by four radial links R, R. This 
precaution is necessary because it is desirable that the only 
force registered by the weighing levers shall be the pull on 
the specimen. The first lever has its two arms at right 
angles, and these two arms have a ratio of 10 to I ; 
the second lever is a straight one, also with a ratio 10 to 1 ; 
the third is straight, with a 12 to 1 ratio ; and the upper- 
most or fourth registering lever is straight, with a 
ratio of 12J to 1. The first three levers are shown dotted 
in the figure. 

The total leverage of this system of compound levers is- 
therefore 

10x10x12x121 = 15,000 
1111*^ 1 

so that to have a maximum load of 100 torts on a 
specimen it is only necessary to apply to the end of 
tne last lever 

100 X 2240 



15,000 



= 14-9 lb. 



At the end of this lever is a suspending link on 
which loose weights can be hung. These loose weights 
are each of the value of 3 lb., the equivalent pull on the 
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specimen due to a load of 3 lb. at the end of this lever 
being 

15,000x3 = 45,000 lb. 
Hung from the lever is a floating weight B, which is 
traversed along the lever by a cord actuated by a small 
hand wheel. This weighs 4 lb., and at the furthest 
point which it is allowed to reach in running along the 
beam it is equivalent to 48,000 lb. So that with the four 
31b. weights, each equivalent to 45,0001b., in all, 180,0001b., 
and the floating weight, equivalent to 48,0001b., the 
machine is at its full capacity of 
180,000 + 48,000 = 228,0001b. or rather more than 100 tons. 

The floating weight, as it moves outwards, traverses a 
graduated scale on the beam. On this scale the main 
divisions register 1,000 lb. each ; there are also subdivisions 
indicating 20 lb. each. 

When a test is to be commenced the floating weight is 

? laced at zero, and there are no weights on the scale plate, 
'o increase the load the floating weight is traversed out- 
wards until a load of 45,0001b. is reached. It is now run 
back to zero and a 3 lb. weight hung on the scale plate. 
The floating weight is moved outwards again until another 
45,000 lb., or a total of 90,000 lb., has been reached. It is 
now run back to zero, and a second 3 lb. weight hung on to 
the scale plate ; and so on to the end of the test. 

It will be seen that the total weight applied when at the 
full load is only 16 lb. The designer of the machine, the 
late Mr. Daniel Adamson, contended that by using a 
multiple-lever machine of high power, very small working 
weights are required, a machine of great sensitiveness 
secured, and by having the individual levers of fairly large 
fulcrum distance, the errors due to inaccurate knife-edge 
measurements are reduced to a minimum. 

In addition to its use for tension tests, the machine can 
be used for compression, bending, and punching tests, by 
the addition of a few extra parts. 

Besides the four levers, which have already been men- 
tioned, a fifth is sometimes added, not for load measure- 
ment purposes, but simply to serve as a pointer, and to 
enable the operator to detect more quickly and more easily 
differences of load on the specimen. Such a one is shown 
in the figure. 

In order to protect the levers and knife-edges from 
dust and dirt and injury, the whole of the right-hand end 
of the machine is enclosed and the upper part covered 
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with a glass casing, which can be opened and partly 
removed when a test is to be made. 

HORIZONTAL COMPOUND-LEVER TESTING MACHINE. 
By Messrs. Greenwood and Batley. Leeds. 

39. The testing machine which has just been described 
has a combined leverage of 15,000 to 1 ; that of Messrs. 
Greenwood and Batley, which we are now about to discuss, 
has one of about 100 to 1. These are both compound 
lever machines, but while Mr. Adamson employs four 
levers, the present machine has only two — one straight 
and one at right angles. The Greenwood machines are 
nearly all alike in principle. There are differences in 
detail and arrangement, according to the kind of work 
they are intended to be used for. 

On Fig. 30 is shown a general view of a 50-ton machine, 
which is m use at several engineering colleges, govern- 
ment arsenals, and private works. 

The machine is a horizontal one, and is arranged to test 
up to a maximum load of 50 tons in tension, compression, 
cross-breaking, and torsion. 

The arrangement of the levers in these machines is. 
best shown on the diagrammatic view on Fig. 19 (6). 
There are two levers : one a bell-crank lever, whose short 
vertical arm is attached to the specimen, and whose long 
horizontal arm is acted upon by the second or straight 
lever ; this second lever carries the movable and variable 
jockey weight, whose magnitude and position determines 
the load on the specimen. 

Keverting to the general view in Fig. 30, it will be seen 
that the machine consists, in the first place, of a cast-iron 
bed, supported on four standards. At the left-hand end of 
the bed. is a frame, carrying the weighing levers ; at the 
right-hand end is a casting consisting for the most part of 
the straining cylinder. These two castings, one at each 
end, besides being fixed to the bed of the machine, are 
further stayed by cast-iron struts fitted between their 
upper parts. 

The straining ram at the right-hand end of the bed 
works out of its cylinder in a direction from left to right. 
This ram carries on its end a crosshead, which has attached 
four screws running from end to end of the machine. 
A system of spur wheels is arranged on the ram crosshead, 
the wheels being rotated by the hand wheel shown. There 
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is a wheel on the end of each of the four screws, so that 
by turning the hand wheel the screws are rotated in their 
bearings. The nuts in which the screws work form part 
of the second or movable crosshead. By this arrangement 
of the screws the movable crosshead can be traversed 
along the bed plate into any desired position, so as to 
accommodate specimens of varying length. 

The right-hand end of a tension specimen is held by the 
grips in the movable crosshead ; its left-hand end is held 
in a small crosshead, which is attached by side links to 
the first knife edge of the first-motion lever. 

A tension test is carried out as follows : The movable 
crosshead is first adjusted into a proper position suitable to 
the length of the bar which is about to be tested. The bar 
is then placed in the holding grips, the hand wheel turned, 
and the screws revolved so as to pull the specimen tiffht. 
The load on the specimen is now gradually increased. This 
is eflfected by moving outwards, in a left-hand direction, the 
traversing carriage and its pendant weights by means of the 
small hand wheel and chain shown. As the weight is 
moved outwards the force upon the knife edge at the end 
of the short arm of this straight second-motion lever is 
increased. This force is transmitted directly to the end of 
the long horizontal arm of the first-motion lever, and this 
force again is multiplied and transmitted to the specimen 
from the knife edge at the end of the short, vertical arm 
of the first-motion lever through the two side links. 

As the load upon the specimen is increased, and elonga- 
tion begins to take place, the weight lever falls on to its 
bottom stop, and equilibrium is restored and the strain 
taken up by admitting a proper quantity of high-pressure 
water into the straining cylinder. The ram is in this way 
driven outwards, its crosshead, screws, and the movable 
crosshead are traversed towards the right and the stretch 
taken up. 

The water used in the straining cylinder is supplied in 
any suitable way, most frequently by hand pumps or from 
a power-supplied accumulator. 

In the particular machine here illustrated the combined 
leverage is 112 to 1. The pendant rod carries a number 
of 50 lb. weights. There are 19 of these in all, and the 
carriage and scale plate themselves weigh another 50 lb. 
So that when the full number of weights are in use there 
is a load of 

20 X 50 = 1000 lb. 
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acting at a leverage of 112 to 1 ; or the maximum load the 
machine can exert is 



1000x112 
2240 



= 50 tons. 



Any or all of these weights can be used. If the carriage and 
scale plate alone are used, the range of load is from 

to 50x112 lb. 
or from up to 2| tons ; or by putting on the full comple- 
ment of 1,000 lb. the range is increased, and becomes 
irom to 50 tons. Any intermediate range can be used 
according to the size and material of the specimen tested. 

The graduation of the weighing lever in all the Green- 
wood machines is in numbers representing the "mechanical 
advantage " of the load which is being used. For instance, 
in the present machine the maximum mechanical advan- 
tage or leverage is 112 to 1 ; so that the lever is graduated 




Fig. 31. 

from 1 to 112 with intermediate divisions. If the travelling 
weight which is being used is 5001b., and the pointer 
on this weight indicates, say, the figure 60 on the scale, the 
meaning is that there is a load of 500 lb. acting at a 
leverage or mechanical advantage of 60. The load on the 
specimen will therefore be 

500x60 = 30,000 lb. 

Thus, to obtain the load on the specimen the travelling 
weight must be multiplied by the mechanical advantage. 
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When the machine is to be used for crushing or cross- 
breaking tests, the same principle as the one already 
described is employed. A third crosshead is put on the 
bed between the movable one and the straining cylinder ; 
and this is connected by two extra links to the first-motion 
lever crosshead. So that, when pressure is applied to the 
ram in the cylinder, the movable crosshead is pulled by the 
screws against the third crosshead through the specimen, 
the load being measured as before by the force transmitted 
to the weighing levers through the two extra links. 

Fig. 31(tt) shows a plan view of the arrangement of 
this machine for crushing. Here M is the small crosshead 
attached to the first-motion lever linked to the extra cross- 
head N by the rods LL. The specimen to be crushed 
is placed between the plates at P and J, J being on the 
loose crosshead. 

Fig. 31(6) shows a plan of the cross-breaking gear. M is 
the small crosshead attached to the first-mot'oa lever. N 
is the extra crosshead linked to M by the rods L L. The 
beam to be tested (here shown dotted) rests upon two sup- 
ports K K at the end of a beam C C, and is pulled against 
the central V piece at J, attached to N. Tne beam C C 
is connected by the screws with the straining ram. 

At the end of a test the water is released, and the . 
straining ram brought back to its initial position by means 
of a chain and balance load, which will be seen hanging 
beneath the bed on Fig. 30. 

This machine has been specially designed for general 
testing, and for accommodating specimens up to 6 ft. in 
length. In addition to what has been described, there is a 
gear provided for carrying out torsion tests. This will be 
described later. v^ 

40. 50-ton Greenwood Testing: Machine. Commercial 
Type, for Shorter Specimens.— This machine is illustrated 
on Fig. 32. It will be seen that the machine occupies less 
space than the one last described, in fact it has been 
designed especially for compactness. It takes in specimens 
up to 24 in. long in tension, and 12 in. long in compression. 
There is a beam for testing under transverse stresses whose 
supports are 3 ft. apart. 

Apart from the bed of the machine being shorter than in 
the case of the machine shown on Fig. 30, additional com- 
pactness is obtained by having the second lever, which carries 
the travelling weight, placed directly above the machine 
instead of projecting beyond its end. Two links are taken 
g2 
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from the knife edges on the end of the firstr-motion lever 
vertically upwards to the knife edges on the short end of 
the second lever. A downward motion of the jockey 
weights raises these links, and with them the long arm of 
the first lever, and so increases the pull on a specimen held 
in the jaws. The long weight whien hangs from the short 



arm of the second lever is simply a counter poise to balance 
the weight of the long arm. 

The total leverage of this machine is 100 to 1 ; the 
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travelling weights are arranged and the readings taken in 
the way which has already been described. 

41. norlzontal Compound Testlngr Machine by Me^rs. 
Greenwood and Batley to Test up to a Maximum ioad of 
1,000,000 lb. — The machine shown in the accompanying 



—The l,000,OOOIb. Testing Machine, made for Mr. Elrkatd;. 
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illustration, Fig. 33, was made, in the first place, ta 
the design of the late Mr. David Kirkaldy, for his now well-^ 
known testing works in Southwark. Afterwards a similar 
machine was supplied by Messrs. Greenwood and Batley 
to the Belgian Government. 

The Kirkaldy machine, as it may be called, is one of the 
largest machines in use. It has a maximum capacity 
of 1,000,000 lb., or nearly 450 tons; it is arranged 
for testing in tension, compression, bending, shearing, 
bulging, and torsion. The limiting length of a tension 
specimen is 18 ft. 6 in. 

The general plan of the machine is similar to that of 
the two which have just been described. The straining 
cylinder will be seen at the extreme left of the machine ; 
its ram has an area of 150 sq. in. and works with water at 
a pressure of up to 3 tons per sq. in. At the opposite end 
of the bed is the lever weighing apparatus. The cross- 
head, which carries the right-hand end of a tension speci- 
men, is suspended upon knife edges by three pendant links, 
, and is linked longitudinally to the knife edge of the first- 
motion lever. The long arm of this lever, instead of 
projecting outwards in the line of the machine, stands out 
at right angles, as will be seen in the illustration. There 
are altos^ether three levers, the second and third beinof 
carried on a bed or frame placed to the left of the machine 
and not continuous with it. The outer or long end of the 
first lever is connected to the short end of the second, 
which has its arms at right angles, by means of a long 
horizontal link, and the outer end of the second lever is 
connected to the short end of the third lever, which is 
straight, by a short vertical link in compression. 

The maximum combined leverage is 2,000 to 1. Both 
the second and third levers are graduated, and provided ' 
with travelling carriages and weights. 

HORIZONTAL COMPOUND-LEVER MACHINE. 
By Messrs. Buckton, of Leeds. 

42. This machine was not included in the general class 
of horizontal compound machines. It is a comparatively 
new, and quite distinctive, type ; only one or two machines 
have, so far, been built. There is no doubt, however, that 
this machine possesses many advantages over previous 
machines of other designs, which go far to make it one of 
the best yet produced, and one which probably has a very 
bright futuie. 
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On Fig. 34 is shown a diagrammatic view of this 
naachine. As has been said, the machine is horizontal. 
The straining is effected by means of an, hydraulic ram, A, 
and the load measured by means of a system of two levers, 
a straight one B„ carrying an invariable jockey weight D, 
and a bell-crank lever C connected with the short: arm of 




Fig, 34. — Diagrammatic Vievr of Buckton's Compound Lever Machine. 

the lever B, by the vertical link E. To the short arm of 
the lever C is attached, through two parallel rods and cross- 
head and shackle, the right-hand end of the tension specimen 
S. This crosshead can be moved along to any required 
position by rotating the rods, which are screwed from end 
to end, and so moving the crosshead, which acts as a nut to 
the screws. So far, the arrangement has not been much 
unlike many other existing horizontal machines. It is, 
however, in the part of the machine to be described next 
that the chief novelty lies, namely, the straining arrange- 
ments. 

The left-hand end of the tension specimen, S, is 
attached by means of the usual clips to a crosshead H, 
which is carried by a massive cast frame G, which itself is 
continuous with the ram A. This frame is notched from e::d 
to end, and the crosshead H can be moved into any 
required position, and fixed there by means of keys. A 
second S, shown by dotted lines, is a specimen being tested 
in compression. 

*The first machine of this type was made to suit Pro- 
fessor Kennedy's requirements, to the designs of Mr. Wick- 
steed, by Messrs. Buckton, of Leeds, and has a maximum 
capacity of 50 tons. 

A later one has recently been made for Professor 
Elliott, of the University College of South Wales, Cardiff*. 
This is a 100-ton machine, and, in addition to its possible 

* Engineering J September 12ch, 1890. 
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use for tension, compression, and bending — which are 
carried out in the manner previously described — ^provision 
is also made for tests in shear and torsion. 



On Fig. 35 is reproduced a perspective view of the 
Cardiff machine, showing it in use for a crushing test of a 
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pit prop. It will be seen that the right-hand end of the 
specimen is being pressed upon by a crosshead, which is 
keyed to the ram frame, this hitter being forced in a \eit- 
hand direction by the pressure of the water. The left- 
hand end of the specimen presses upon the crosshead, 
which is attached to the two screws coming from the first 
knife-edge of the first lever. 

The hydraulic pressure is supplied from pumps and an 
accumulator. 

The jockey weight is moved along its lever by a small 
handwheel and chain gearing. The load on the specimen 
is indicated in the usual way by direct graduations on the 
steel scale attached to the beam. 

An inspection of Figs. 34 and 35 should bring home 
two points in which this machine has a great advantage 
over others which have been described. In the first place 



Fie. 3a.— View o( Cardiff Machine used tor Beading Test. 

alterations both in the length of specimeo, and also in the 
kind of stress to be applied, can very easily be made ; thus, 
if the specimen S (Fig. 3+) has to be replaced by a shorter 
one, it IS only necessary to take out tue keys, slide the 
crosshead H towards the right for the required distance, 
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and put the keys in afresh. A third erosshead K, which 
is also capable of sliding along the frame into any 
desired position, is used for compression tests, and as 
the middle erosshead can also be moved by the 
screws, great facilities exist for easy and rapid changes 
being made. The second advantage possessed by the 
machine is that the second lever is a long one of the usual 
Buckton-Wicksteed double-ended design, and provided 
with a poise weight of invariable magnitude, so , that the 
trouble of changing the loads is avoided and all tests are 
carried out with the same load. It may also be pointed 
out that the distance between the Aveighing levers and the 
cylinders is shorter than usual, and, therefore, there is less 
recoil at the point of rupture. 

In the 100-ton Cardiff machine the jockey weight is 
10 cwt. or half a ton. 

Fig. 36 shows a view of the left-hand end of this 
machine when being used for a bending test. 

43. Lesser ilachines. — Most of the machines which 
have been so far described are capable of exerting loads 
varying from 50 to 450 tons. Such are necessary for 
testing of specimens of any considerable size, but there are 
also a great many machines in use for testing specimens of 
much smaller dimensions and under much smaller loads. 
One machine of this smaller kind has already been described, 
namely, the 5-ton machine of Messrs. JBuckton. Many 
other makers turn out smaller machines of various sizes. 

Messrs. Greenwood and Batley have built a variety of 
machines in addition to those already mentioned, varying 
in capacity from 50,000 lb. to 2,400 lb. The largest of these 
are of the double-lever horizontal type ; many of the 
snialler ones are of the single-lever vertical type, not 
unlike the Buckton-Wicksteed design. 

Another firm who make small single-lever machines 
suitable for testing bars up to about J in. diameter are 
Messrs. S. Denison and Sons, of Leeds. 

44. Technical School Pattern of Sir W. H. Bailey. — 
On Fig. 37 is illustrated a small testing machine designed by 
Sir W. H. Bailey, of Salford, for use in the laboratories of tech- 
nical schools and for the purpose of illustrating lectures. 
The machine consists of a cast-iron bed supported upon two 
standards ; of a lever load-measuring apparatus at the left- 
hand end of the bed ; and an hydraulic straining cylinder 
towards the right-hand end. A tension test piece is shown 
in position. Its right-hand end is held in wedge grips in 
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a short shackle which is attached to a continuation of the 
piston rod of the straining cylinder. The left-hand end is 
similarly held in a shackle, which is linked to the short arm 
of the hanging lever shown below the bed of the machine. 
The load on the specimen is applied by pumping water 
from the small hand pump shown, into the straining 
cylinder. This puts a pull on the specimen, which pull, 
when it is applied to the lever, tilts it upwards, the amount 
of load being proportional to the sine of the angle through 
which it is denected from the vertical. This load is directly 
indicated by a pointer moving over a graduated dial, a 
second loose pointer beinff cathfed rOu^id by the first, and 
left at the maximum load. The graduations on the dial 
are determined by applying known loads to the lever. 
The only thing necessary, therefore, in making a test is to 
gradually apply the hydraulic pressure untir fracture takes 
place. A small oil cataract cylinder is provided to prevent 
the lever from falling too suddenly when the specimen 
breaks. Additional parts are stipjplied for compression and 
cross-breakins: tests 

The machine illustrated has, in addition to these ordi- 
nary appliances for the testing of materials, some 
apparatus, shown at the right-hand end of the machine, for 
testing pressure and vacuum gauges. In some of these 
machines, instead of an hydraulic straining cylinder, a 
screw, worm-wheel, and worm are used for taking up the 
stretch. 

These machines are made in two sizes, having maximum 
capacities of 1,000 lb. and 5,000 lb. respectively, and taking 
in tension specimens up to 18 in. in length. 

45. Ster- Hydraulic Testers.— Sir W. H. Bailey and 
Co. also make a number of small testing machines for 
transverse, torsional, and tensile tests, in which the load 
on the specimen is measured and indicated by the pressure 
of mercury on a flexible diaphragm, which supports the 
load in a similar way to that adopted in the Emery machine, 
already briefly described. The pressure of the mercury is 
indicated by its height in a vertical tube, as well as in an 
ordinary pressure gauge. These machines, b esides being 
convenient to use, give very accurate readings. 

46. Testing Machines of other Countries. — In testing 
machines, as in most other things, fashions prevail. 
Certain machines and certain types of machines are 
generally popular in one country. In Britain, perhaps, 
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more than any other country, the variety of types of 
testing machines is great. Single lever and double lever, 
horizontal and vertical — all are used. But in other direc- 
tions there are certain very definite limitations. Manometer 
or diaphragm machines are not used except for very small 
loads, and with the exception of machines with a capacity 
of up to three or four tons, the load is always applied, 
and the strain taken up by hydraulic means alone. 
In other countries this is not so. Manometer machines 
are used to a not inconsiderable extent both in France 
and the United States of America. In America almost 
entirely, and to some extent ^n the Continent of Europe, 
screw gearing, worked by either hand or power, is 
used in place of hydraulic appliances for taking up the 
strain of the specimens. 

47. Continental Machines. — Of these the Werder 
machine has already been briefly described. An Alsatian 
machine, the Grafenstaden, has been largely employed 
for important testing work. It is made in various sizes, 
some of the larger ones being arranged as compound lever 
machines and some as single lever. In the Grafenstaden 
machines the levers are horizontal, and the specimen 
placed in the machine vertically ; the weighing lever is at 
the lower end of the specimen, and the appliances for 
taking up the strain at the top. This latter is of the screw 
type, the screws used for raising the upper end of the 
specimen being drawn upwards oy large nuts rotated by 
power-driven gearing. The jockey weight is moved along 
the weighing lever by means of a screw. 

Another machine, known as the Thomasset machine, 
depends for its load measurement on the fluid pressure in 
a closed diaphragm, which is pressed upon by the end of 
the long arm of a single lever of the second order, whose 
fulcrum is at the other end, and whose third point is 
attached to the upper end of the vertically-held specimen. 
The lower end of this specimen is pulled downward by the 
water pressure on an hydraulic piston. 

48. American Machines. — These are mostly compound 
lever and screw gearing machines. Formerly hydraulic 
power was employed for taking up the stram, but this 
method has given place in most instances to the use 
of screw gearing for effecting this purpose. A number of 
manometer machines as exemplified by the Emery 
machine are also in use. These are said to possess both 
great accuracy and extreme sensitiveness, but are not 
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considered so suitable for the rougher kind of commercial 
work as lever machines. 

Of the lever machines the most generally used and 
popular in the United States are the " Fairbanks," the 
*' Olsen," and the " Riehle " machines. 

The Fairbanks is a vertical machine with a screw 
gearing attached to the bottom of the specimen, for 
the purpose of taking up the strain, and a compound 
lever weighing apparatus for measuring the load. The 
Olsen machine, whose arrangement is shown diagrammati- 




FiG. 38. — Diagrammatic View of Olsen Ttstiog Machine. 



oally on Fig. 38, is carried on a small square bed plate of 
box pattern. In this bed plate is carried the gearing used 
to give motion to four vertical straining screws, which 
carry the lower crosshead, and draw it downwards when it 
is desired to take up any stretch which may have occurred 
in the specimen under test. The gearing is operated in 
the first place by means of a pair of power-driven pulleys. 
By means of various arrangements of pulleys, the mov- 
able crosshead can be moved either up or down, and 
either at a fast or slow speed, the slow speed being obtained 
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by means of friction gearing. The motion given to the 
driving pulleys is furtner transmitted through spur and 
bevel gearing to the four vertical screws BB, which, on 
being rotated, move the lower crosshead A either up or 
down, as may be desired. The lower end of the tension 
specimen is held in steel wedge grips, carried by this cross- 
head A, w^hile its upper end is held by a similar set of 
wedges in the upper crosshead C. This second crosshead 
is supported on tne ends of four vertical pillars 1) 1), set in 
the corners of a square. These pillars are rigidly tixed to 
a casting at their lower ends, and thus serve to transmit 
the force applied to the upper crosshead to the tirst 
measuring lever E. This is a lever of the second order, 
with its fulcrum at K. The end of the long arm of this, 
lever is connected, by means of a short link in tension, to 
the second lever F, which is also of the second order. This 
again is connected by a long link to the short arm of the 
third lever G, which is a lever of the tirst order. On this 
last lever hangs the jockey weight H, whose position on 
the lever determines the magnitude of the load on the 
specimen. The jockey weight is moved along its lever by 
means of ascrew, which is under electric control in such 
a way that when the beam lifts, owning to excess of load, 
the weight is set in motion and equilibrium restored. By 
this means the whole system is automatically kept in 
balance. 

When compression tests have to be made, a compression 
block is attached to the under side of the movable plate 
A, and the specimen to be crushed is placed between this 
block and the table L, which serves to transmit the load to 
the weighing levers. Similarly for cross-breaking tests a 
V piece is fixed to the crosshead A, and the beam supports 
to the weighing table L. 

The Olsen machine, as thus briefly described, may be 
taken to be typical of most of the machines which are used 
to any great extent in America, chief among these being 
the machines of Riehle and Fairbanks. They are all made 
in several sizes, to suit the kind of work for which 
they are intended. Autographic gears are attached to 
many of these machines, for the purpose of automatically 
recording the results of the test as it proceeds. 

The Emery machine was originally invented by Mr. 
A. H. Emery, for use in the U. S. Arsenal, at Watertown, 
Mass. The makers are now Messrs. William Sellers and 
Co., of Philadelphia. The great advantages possessed by 
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this machine are its absolute freedom from friction, the 
ease and speed with which it can be manipulated, and the 
fact that it works with equal accuracy when testing either 
large or small specimens. The machine consists of three 
essential parts, namely, the straining-head, the weighing- 
head, ana the lever-weighing apparatus. The specimen, 
which is held horizontally, is gripped at one of its ends by 
wedges held in a cross-head, which is attached to the rod 
of a nydraulic piston. This works in a cylinder carried by 
the straining-head. The other end of the specimen is held 
in a cross-head, which is connected to the movable plate of 
the weighing-head. When a load is applied to the specimen 
by the water pressure on the hydraulic piston, the above- 
mentioned movable plate is pulled against a fixed plate, or 
rigid support. Between these two plates is what is 
essentially a thin metal diaphragm or sac which is hollow, 
and about J in. thick. This diaphragm, whose area is large, 
and supports the whole load on the specimen, is filled with 
a mixture of alcohol and glycerine. The load on the 
specimen induces a certain pressure in the liquid, which 
is transmitted along a pipe to a similar, but smaller, 
diaphragm, which is made to act upon the small arm of a 
system of compound levers. In one of these machines the 
total leverage of the lever system is 16,000 to 1, and the 
ratio of the areas of the two diaphragms is 20 to 1 ; so that 
a weight placed on the end of the last weighing lever 
induces a load on the specimen 320,000 times as great as 
itself. It will be seen from this that to have a load of 
100 tons on the specimen, it will only be necessary, owing 
enormous lever^-ge obtained, to place a load of something 
like 10 oz. at the end of the last lever. The " Emery " 
machine is thus a compound-lever machine with three 
mechanical levers and one hydraulic lever. It is said to 
possess great sensitiveness, and its readings are said to be 
accurate beyond the requirements of ordinary work. 

COMPARISON OF VARIOUS TYPES. 

49. It is not possible, for several reasons, to say definitely 
that one testing machine, or one type of testing n^achine, is 
better than another. Testing machines are used for a variety 
of purposes. There are machines in use in many of the iron 
and steel works throughout the country ; these are chiefly 
used for carrying out a succession of comparatively crude 
tests on specimens which do not vary to any great extent 
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as to their properties or size. In many of the 
general testing laooratories, the machines have to cope 
with a great variety of work, both in size, material, and the 
nature of the tests. Some machines are primarily intended 
to be used in carrying out important and specially accurate 
research work ; others for educational work almost entirely. 
In those machines which are provided in many college 
laboratories, the work to be performed in them comprises 
almost all the varieties which have been mentioned, 
especially if comj»ercial work is undertaken. 

In comparing the different kinds of testing machines, 
it must therefore be borne in mind that every kind of 
testing work does not demand the same qualities in the 
machines used to carry it out. 

If it is impossible for it to be said that one testing 
machine is better than all others, it is also difficult for 
one observer to offer perfectly reliable opinions in regard 
to them. It is given to very few men to have an adequate 
experience in the use of all the chief types of testing 
machines ; he is almost certain to have a preference for 
one kind, not because he has a complete knowledge of all, 
but from an unconscious mental bias, born of use 
and intimate acquaintance with this one kind. 

Bearing these points in mind, therefore, the author 
proposes to sum up the evidence and present it to the 
readers, who must themselves be the judges. 

There are certain qualities possessed to a more or less 
marked extent by all testing machines. These are : — 

I. Simplicity. 
II. Ease of access. 

III. Convenience of manipulation. 

IV. Adaptability. 
V. Sensitiveness. 

VI. Accuracy, 
The best plan will be to take them one by one, and see how 
each of the types which have been described stands as 
regards these qualities. 

50. Simplicity. — Simplicity is one of the first and 
most necessary of the qualities which a designer or a 
purchaser of a testing machine should insist upon. A 
multiplicity of parts, however good the result may be, is 
always to be avoided and always objectionable. 

Simplicity is to be desired for several reasons. In the 
first place the manipulation of a large number of parts in 
place of a few means loss of time, mistakes are more likely 
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to occur, and repairs are required more freq'uently 
When carrying out a test on a simple machiiie the 
operator has his mind left free to be fully concentratedW the 
test he is performing. The simpler a machine the less 
likely it is to get out of order, and the more easily is any 
displacement, or anything abnormal, at once seen. 

It is chiefly in the weighing apparatus that variations 
as to comparative simplicity are to be found. The strain- 
ing appliances used in this country are nearly always of the 
hydraulic cylinder and ram type, and there is little real 
difterence in their arrangement. 

In nearlyall the English machines the weighing appara- 
tus consists of a lever, or system of levers. The fewer 
the levers, the simpler the machine. The loads in the 
specimens are measured by noting the position on one of 
these levers, of a weight or weights ; the simpler machines 
use a single invariable weight, as against a set of severdl 
smaller weights in others less simple. ' 

The two machines which employ single levers are the 
Werder and the Buckton-Wicksteed. Of these the 
Werder is prejudiced by the fact that its very small 
fulcrum distance is the cause of several complications. The 
Wicksteed single-lever vertical machine is undoubtedly the' 
simplest in all respects. There is only one lever ; the 
fulcrum distance is not abnormally small ; there is only ' 
one travelling weight, the steelyard principle being ' 
adopted in its entirety ; and there are only two knife edges ' 
to get out of order. One of the great beauties of this 
machine is due to the fact that the measurement of the load 
depends on one thing only, namely, the position of a weight 
of fixed magnitude on a straight horizontal lever. There 
are no calculations needed in order to ascertain what the 
load really is ; the value is given direct, and at once. 

In all the compound lever machines the number of 
knife edges is increased, and the simplicity diminished 
accordingly. Where variable weights are used, the com- 
plication is further increased by the fact that in addition 
to the trouble involved in the changes, the actual loads can 
only be arrived at by means of calculations. This variable 
weight question is one upon which experts dijBFer. Professor 
Kennedy, for instance, prefers to be able to vary his load 
so that he can accommodate it to the size and material 
of the specimen he is testing, and thus use approximately 
the whole range of the scale beam in every case. Much of 
the complication of testing machines arises from the fact 
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that they are often intended for a great variety of tests, 
both as to the sizes of specimens, tod to the kind of 
stress imposed. If it were not for the fact that a testing 
machine, especially a large one, is an expensive thing to 
buy, the ideal arrangement for a testing laboratory would 
be to have a different machine for every kind of test. 

51. Ease of Access to the Specimen. — It is always 
desirable that the specimen being tested shall be accessible 
for inspection and the taking of observations during the 
test. Where the specimens are of ordinary length, there 
is not much difference in this respect between horizontal 
and vertical machines. The Wicksteed four-pillar machine 
is perhaps the one best adapted for obtaining a view of the 
specimen on all sides, although for some purposes the pillars 
are somewhat of a hindrance when fixing in the specimen. 

Where the specimen is long, there is no doubt that the 
horizontal possesses many advantages over the vertical type 
of machine. It is a great convenience to have the whole 
of the specimen at a uniform and convenient height from 
the ground, say about three or four feet. The difficulty 
of testing long specimens in a vertical machine has been 
partially overcome, in one machine built by Messrs. Buckton, 
by providing a movable platform which can be raised or 
lowered to any required height ; on this platform the 
operator stands when taking his observations. 

It is sometimes objected that compression specimens 
tested horizontally tend to sag downwards and always fail 
by bending in this way. But results would appear to show 
this to be a fallacy, so far as specimens of the usual 
-dimensions are concerned. 

52. Convenience of flanipulation. — When a speci- 
men which is to be tested has been placed in the holding 
shackles — and more will be said about these later — the 
application of the pressure and the measurement of the 
load should be capable of easy and convenient regulation 
by the operator. The best arrangement is to have, within 
easy reach of the operator at the same time, two handles — 
one to control the supply of water under pressure into 
the straining cylinder, and the other to vary the position 
of the lever weight. If these two are at different parts of 
the machine, or if the water is pumped in by hand as it is 
wanted, an additional assistant will be required. A large 
single poise-weight, like that used in the Buckton machine, 
has the advantage in simplicity and in many other ways, 
but in point 01 ease of manipulation it falls behind 
machines of greater leverage and smaller weights. 

h2 
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In all machines the position of the operator should be 
such that he can work his machine and at the same time 
have a good view of the specimen, and so be able to note any 
changes that may be taking place. 

53. Adaptability. — In all machines used for general 
work, provision is made for testing in tension, compression, 
cross-breaking, and often torsion. It is necessary that the 
change may be easily made from one kind of test to another. 

In this respect horizontal are somewhat better than 
vertical machines, because in the former the heavy parts 
have only to be moved horizontally along the bed oi the 
machine and not lifted or lowered. What appears to be 
one of the best machines as regards adaptability is that 
which was one of the last described, the horizontal Buck- 
ton-Wicksteed machine, in which changes, both of length 
and the nature of the stress, can be very rapidly and easily 
made, and long screwing operations avoided. Next in order 
come the other horizontal types, and, lastly, the vertical 
machines. In one respect a vertical machine is always 
preferable to a horizontal one, and that is when a com- 
pression test has to be made of some substance, such as 
stone, which requires to be bedded in plaster of Paris. 

54. Sensitiveness. — The measuring apparatus should 
be capable of indicating very small variations of load. In 
order that a machine may be sensitive, one essential is that 
all the knife edges shall be in good condition. If a 
small load is added to the load on a tension specimen, that 
increment of load should have the effect of at once moving 
the lever on which the jockey weight is hung. The 
resistance which is oflered to this motion is almost entirely 
due to the friction of the knife edges. If these are in 
good condition, the friction is extremely small, and the 
sensitiveness of most machines is such that differences of 
load far less than are required in practical testing cause 
movements of the lever. But the effect of the continued 
rolling wear between the knife edges and their plates, and 
especially of the shocks caused by the fracture of the 
specimens, is to produce a flattening of the sharp edges 
and a consequent increase of friction and loss of sensitive- 
ness. This effect is also brought about by the knife edges 
losing their straight form and becoming slightly curved, 
and in this way being virtually widened and the friction 
increased. 

A great deal depends on the nature of the steel and on 
the way it has been hardened, and some machines will lose 
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their sensitiveness much sooner than others. If it is 
noticed that a machine is becoming less sensitive, the knife 
edges must be looked to, and, if necessary, taken out and 
re-ground. 

The results of experiments made some years ago by 
Prof. Kennedy, on a Greenwood machine which had been 
used for over twelve thousand experiments, showed that the 
increment of load required to produce a movement in the 
last lever varied from y/g ^ th to ^ j- j th of the total load at 
5,0001b. and 50,0001b. load respectively. In some 
machines, whose knife edges are quite new and in good 
condition, the sensitiveness may be Tir.Vjrffth ; while in fluid 
pressure machines, such as the Emery, still greater sensitive- 
ness is attained. 

One ten-thousandth of 100 tons is-— ^-— •= 22*4 lb. ; so 

A Vr » \^ V/ v/ 

that with this degree of sensitiveness, at the full load of 
100 tons, the lever would be moved by 22*4 lb. ; this is 
in excess of practical requirements. 

The sensitiveness and practical absence of friction of a 
good knife edge have been illustrated by Mr. Wicksteed, 
in a description of a simple experiment which he made on 
one of his large single-lever machines. He first broke 
twelve pieces of No. 16 cotton thread, the average breaking 
load being 3*5 lb. ; then, twelve No. 12 threads were broken 
in the same way, at an average breaking load of 3 '8 lb. 
Pieces of the same threads were then broken by the appli- 
cation of deadweights at precisely the same loads. 

In an Emery machine exhibited at Paris it is recorded 
that a specimen was broken at a load of 90,000 lb., and 
immediately afterwards a horsehair was put in the machine 
and broken at the very small load of 1 lb. Mr. Adamson, 
a few years ago, described how he had found that the 
recording lever of his machine was sensibly affected by 
differences in the temperature of a test bar in the machine 
produced by simply placing his hand upon it. 

These few instances serve to show that a degree of 
sensitiveness exists in most machines, especially when their 
knife edges are new, which is safely in excess of the 
requirements of even the most refined tests that are made. 

55. Accuracy. — In all testing machines the load, as 
indicated by the measuring appliances, should be truly and 
accurately the real load on the specimen. Accuracy is only 
a relative term — no physical apparatus is absolutely accu- 
rate ; that is to say, all experimental appliances are liable 
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to certain errors, some of which are capable of remedy, 
while some it is, in the nature of things, not possible to 
avoid. 

Let us see to what the errors of testing machines are 
due. First, there may be errors due to the distances between 
the knife edges not being accurately measured in the first 
instance, or to their distances being altered by wear. For 
this reason levers with large fulcrum distances and small 
mechanical advantage are preferable to those with very 
small fulcrum distances : they are easier to measure in the 
first place, and slight distortion or wear gives rise to a 
smaller percentage of error than does the same distortion 
in a lever of smaller fulcrum distance. In the Greenwood 
machines two levers, each of about 10 to 1 leverage, are 
used ; in the Adamson machine are four levers, each of 
about the same mechanical advantage ; in the Wicksteed 
vertical machine a single lever is used, with a 50 to 1 
leverage. It might be thought that this latter leverage is 
too great, but it must be remembered that the lever is a 
very large one, and the fulcrum distance is comparatively 
great, whereas in the multiple-lever machine the individual 
levers are smaller, and their fulcrum distances correspond- 
ingly so. It must also be pointed out that if there are 
errors in the first lever fulcrum distance of a compound 
machine, this error is multiplied by the number of consecu- 
tive levers ; in the single-lever machine the error cannot 
be multiplied by any subsequent levers. 

The second way in which an error can creep into a 
testing machine lies in the fact that the weight or weights 
themselves may be incorrect: A one-ton weight must be 
exactly one ton, or else it is of no use. All weights used in 
testing machines, whether great or small, can be and are 
tested by the Standards Authorities. There is no difficulty 
with the smaller weights. When it is required to check 
the larger weights they may be lifted from the machine by 
chain blocks, and weighed with a suspended weighing 
machine, which has been previously calibrated with known 
standards. This should be done from time to time in all 
machines. 

The effect of the friction of the knife edges has already 
been mentioned. Errors due to this cause are very small, 
and are practically negligible. 

Stresses, which are not indicated, are sometimes caused 
by inertia forces due to the movement of the machine 
parts. Theoretically, these are greatest in those machines 
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with the greatest leverage, but in practice this is not so, 
because the angular movement of the whole system is so 
very much more restricted in high-power machines. 

It is not only desirable that the errors of a testing 
machine shall be relatively small, but it should be possible 
to ascertain whether these errors exist, and what is their 
magnitude, or in other words, to verify the readings as 
given on the scale. 

In this matter of verification, the vertical machine has 
a great advantage. It is only necessary to hang dead- 
weights from the shackles, balance these by altering the 
position of the jockey-weight, and observe now the scale 
reading agrees with the actual load. 

The accuracy of most horizontal compound machines 
is made to depend on the accuracy of the knife-edge 
distances, which are checked by careml measurement from 
time to time, and on the correctness of the weights them- 
selves, which can be adjusted to a very high degree of 
accuracy. In some cases special subsidiary knee-levers are 

Erovided, so that the leverage can be tested by actual loads 
ung at carefully determined knife-edge distances. 

Another cause of error is due to the fact that the levers 
of a testing machine deflect slightly under the loads. It 
is therefore important that the levers shall be designed for 
stiffness as well as for mere strength. For this reason 
also high-power levers are clearly better than low-power 
ones. 

It has already been mentioned that the lever should be 
neutral, that is, that the centres of gravity of the lever and 

i'ockey weight or weights should be in the plane of the 
:nife edges. If this is not so it will be found that small 
errors are introduced, and this is especially noticeable when 
taking elastic readings, when it will be observed that quite 
small angular displacements of the beam cause variations to 
the load, as shown by the measuring gear. 

56. Summary. — From what has been said, the reader 
should be able to draw his own conclusions. So far from 
any one type of machine being pre-eminently the best, each 
type has its good points. 

The vertical single-lever machine has the advantage as 
regards simplicity, and ease of verification. 

Horizontal machines are best as regards accessibility and 
adaptability. 

As regards adaptability, probably the horizontal Buck- 
ton-Wicksteed machine is first. 
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Where sensitiveness, convenience of manipulation, and 
accuracy are concerned, it is the individual machine, and 
especially the condition of this machine, which must be 
looked to rather than the type. If the knife edges them- 
selves are in perfect order, the knife-edge distances and the 
weights correct, and the balance neutral, one type is pretty 
much as good as another ; and under these conditions the 
sensitiveness and accuracy of all are in excess of practical 
requirements. 

In conclusion, the writer, without in any way wishing 
to compare them with other machines, whose high merits he 
fully appreciates, would like here to express his admira- 
tion, after a considerable experience of three individual 
machines of this type, for the all-round excellence of the 
100-ton vertical testing machines, designed by Mr. Hartley 
Wicksteed and made by Messrs. Buckton, of Leeds. 



Chapter III. 

AUXILIARY MEASURING APPLIANCES. 

57- In addition to the testing machines already described, 
other appliances are needed for the purpose of taking 
linear measurements of the test specimens. Such 
measurements are required both before, during, and after a 
test. Previous to a test, all the dimensions of the 
specimen must be carefully determined. Measurements, 
often of a delicate character, are frequently taken while a 
test is proceeding, to determine the strains produced by 
the stresses to which the specimen is being subjected ; and 
it is necessary to carefully measure the specimen after 
the completion of the test. The instruments used for these 
purposes may be divided into two classes, namely, those 
which are used for taking the dimensions of specimens 
before and after the test, as well as the rougher the 
measurements taken during the test ; and, secondly, those 
used for taking the minute measurements required during 
the test, while the material is in the elastic state. These will 
now be considered separately and in the order mentioned. 
58. Instruments for Measuring: Test Specimens. — 
The 'first, and one of the most useful of measuring instru- 
ments, is the ordinary steel rule. One or two of these are 
absolutely necessary in a testing laboratory. The most 
useful length is about 16 in., and, in addition, one 24 in. 
and one 4 in. long will be found useful. The best way to 
have the rules divided is into inches on both edges, and to 
have these inches subdivided into tenths, fiftieths, and 
hundredths on one of the edges, and into eighths, six- 
teenths, and thirty-seconds on the other. For all measure- 
ments of test specimens, both in and out of the machine, 
inches and decimals of an inch will be found the most 
useful units, just as tons and pounds divided into decimal 
parts are the most convenient units of force in testing 
work. The ordinary steel rule is most often used in con- 
junction with a pair of spring dividers, or screw-clamp 
dividers. A useful size for these is from six to eight inches 
length of leg. When using the dividers to take measure- 
ments on a test specimen m the machine, the two points 
are applied to two centre-punch marks which have pre- 
viously been made on the test bar, and then the length so 
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measured is transferred to the steel rule for a determination 
of the length in question. For the reason that it is always 
easier to measure a distance on a rule when beginning from 
some definite point or division rather than from the end, it 
is advisable to have the inches numbered from a mark 
which is not quite at the end of the rule, so that one leg of 
the dividers can be placed on this mark instead of at the 
actual end. 

When the extensions of very long tension specimens 
have to be measured, it will be found necessary to have a 
pair of trammels. These are not so convenient to use as 
dividers, but they are necessary in some cases. 

The dimensions of most metal test pieces should be 
measured to thousandths of an inch, and for this purpose 
something more accurate than an ordinary steel rule is 
required. The two instruments used for this work are the 
vernier caliper and the microvieter screw caliper, A 
general view of the vernier or bar caliper is shown on Fig. 39. 
It consists of a graduated steel bar having a projecting 
jaw at one end. This jaw projects at right angles to the 
main bar, and the object to be measured is placed between 
this jaw and a second one, which is capable of being 
moved up and down the bar into any required position. 
It will be seen that the moving jaw can be fixed in any 
position by means of a small set-screw at the top. In 
addition to the moving jaw itself there is a second piece of 
steel sliding upon the bar, and attached to the sliding jaw 
by means of. a small adjusting screw. This sliding piece 
can be fixed in any position on the bar, and the sliding 
jaw moved with respect to it by means of the adjusting screw. 
^y this means the sliding jaw can be roughly moved into 
position and then finally adjusted into the exact position 
required by the screw. On Fig. 40 an enlarged view 
of the fixed and sliding jaw^s is shown. It will be seen 
that the bar itself is graduated, and also that the sliding jaw 
carries a small scale or vernier. In the most convenient 
arrangement the main scale on the bar is divided, in the 
first place, into inches ; each inch is subdivided into tenths, 
and each tenth is again subdivided into four equal parts, 
these being fortieths of an inch. By means of the vernier 
each of the fortieths can be further subdivided into 
twenty-five equal parts, these smallest divisions being 
thousandths of an inch. The twenty-five parts on the 
vernier correspond in their total length to twenty-four of 
the smallest divisions on the parent scale. Therefore, each 
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of the vernier divisions is one-thousandth of an inch less 
than one of the smallest divisions on the parent scale. 
Now, if the accompanying figure be examined, it will be 
seen that the zero of the vernier scale is at a point on the 
main scale distant rather more than two-tenths of an inch 
from the zero of this scale ; so that the reading begins 
with a decimal point, and is followed by the figure 2, 
representing the two-tenths of an inch, or it reads 0*2 in. 
Then, following the two-tenths, are three of the smallest 
divisions or fortieths, so that the reading so far is 0*275 in ; 
each of the fortieths being equivalent to 0*025 of an inch, 
and as there are three of these, they are represented 
by 075 in. The vernier zero is half-way to the last 
fortieth, or nearly so, and several more thousandths will 
have to be added to the existing figures. The zero is twelve- 
thousandths on, and the figures to be added are 0*012, 
giving a total reading 0*287. The number of thousandths 
to be added after reading the fortieths is found bv 
noting the division line on the vernier scale, which 
coincides with a division on the parent scale, and 
taking that reading on the vernier. Thus, for the 
case in question it will be seen that division 12 on 
the vernier exactly coincides with one of the parent 
divisions, and each vernier division being one-thousandth of 
an inch less than each division on the mam scale, the meaning 
is that the zero of the vernier has moved twelve-thousandths 
beyond the last division. The whole process of measur- 
ing the outside dimensions is as follows: First, the 
screws are loosened and the sliding jaw moved up 
until the object is roughed gripped ; then the separate 
sliding piece is fixed by means of its set-screw, and 
the sliding Jaw exactly adjusted until both jaws touch 
the object without either gripping it tightly or allowing it 
to feel loose. This is done by means of the adjusting screw. 
The reading is now taken, the order of doing this being, 
first the inches, then the tenths, next the fortieths or twenty- 
five-thousandths, and lastly the remaining thousandths, 
which must be added on. 

When inside measurements have to be made with a 
vernier caliper, the projecting portions at the ends of the 
jaws are used, and allowance must be made for the combined 
thickness of these when they are close together. This 
thickness is always given by the makers of the instrument 
and generally amounts to about 0*250 or 0*300 of an inch. 

Another most useful instrument, especially for small 
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measurements, is the screiu microimeter. An outside view 
of one of these is shown in Fig. 41. The object to be 
measured is placed between the two straight cylindrical 
bars, one of which is fixed and the other movable in a 
bearing at the other side of the horse-shoe frame. The 
longitudinal motion of this bar is effected by means of a 
fine pitch screw which is rotated by a knurled thumb-piece, 
and whose pitch is -^^ in. As the pitch of the screw is 
in., one complete revolution of the milled head causes a 
longitudinal movement of the measuring bar equal to this 
amount, and the outer shell being divided into twenty-five 
parts, ^V ^f ^ revolution can be read, that is to say, ^V X tt>> 
or YuVcy in. These micrometers are made in different sizes 
with capacities varying from 1 in. to 2 in. On Fig. 42 is 
shown another form of screw micrometer designed for 
inside measurements only, and capable of reading to 
thousandths of an inch. A useful size is one having a 
capacity from 2 in. to 6 in. These instruments will be found 
especially useful for compression tests. 




FaQ, 40. 

It may be mentioned that the chief makers of instru- 
ments of the kinds here mentioned are the two American 
firms, Messrs. Starrett and Messrs. Brown and Sharpe. These 
firms also make calipers of larger size, graduated to ten- 
thousandths of an inch. The agents for these instruments 
in this country are Messrs. Charles Churchill and Co., 
Finsbury. 



108 MEASURING MACHINES. 

59. Measuring flachlnes. — In measuring the dimen- 
sions of test bars smaller divisions of the inch than 
thousandths are rarely required. For the purpose of making 
measurements to ten-thousandths, or even smaller subdivi- 
sions of the inch, either more precise micrometers, or what 
are called measuring machines, a^re employed. Both these 
depend for their working on the same principle as that 
adopted in the screw nricrometer. The earliest machine of 
thisltind was constructed by the late Sir Joseph Whitworth, 
and exhibited at the Great Exhibition of 1851. This machine 
consisted of a rigid bedplate, carrying two headstoeks, one 
at each end. The bars between whose ends the object to 
be measured was placed, were carried by two head- 
stocks, somewhat in the same manner as the centre in the 
loose headstock of a lathe. They received a longitudinal 
motion by means of fine-pitch screws rotated by hand- 
wheels. The left-band headstock had a thread of 20 threads 
to the inch, and the circumference of the wheel was divided 
into 250 parts, so that by turning the wheel through one 



division on its circumference, the bar was moved through 
IB of ji-a, or -EUffff of an inch. In the right-hand headstock 
the screw had also 20 threads to the inch. It was revolved 
by a worm-wheel having 200 teeth, and into this wheel 
seared a single-pitch worm, which was itself rotated by a 
hand-wheel, having^ its circumference divided into 250 parts; 
consequently, if this hand-wheel was turned through one of 
its divisions only, the bar in the head-stock was advanced 
through 5^ x-zT!TsX 5V. which is equivalent to one-millioneth 
of an inch. But although one millioneth can easily be 
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read, it does not by any means follow that an object 
can be actually measured to this degree of accuracy ; 
in fact, it is well-nigh impossible, except by the 
most practised observers. It is not an easy thing to 
realise what a millionth of an inch means. Let the reader 
look at an inch divided into hundredths and try to imagine 
a tenth of one of these : this will be a thousandth. Then 
let him try to still further imagine one-thousandth of one 
of these thousandths : this will be a millionth of an inch. It 
is almost inconceivable. The smallness of one of these 
millionths will be appreciated when it is remembered that 
an inch bears the same ratio to a millionth part of itself as 
one mile bears to a sixteenth of an inch, or nearly so. It 
is easy to measure to a thousandth or even a ten-thousandth 
of an inch ; it requires a much greater delicacy of touch 
and skill to measure to one hundred-thousandth ; in fact, 
there are few people who are capable of it. But when 
it comes to measuring to so great a degree of precision as a 
millionth, the observer has a task before him which is well- 
nigh impossible of achievement. The only way a millionth 
can be detected is by a slight difference of touch. The 
effect of the warmth of the observer's hand is quite suffi- 
cient to cause this difference. So that it will be seen that 




Fig. 42. 



for testing, as well as for almost all other purposes, measure- 
ments to so great a degree of accuracy as involve 
millionths of an inch are not necessary, and at the same time 
are most difficult to carry out. A much more workable and 
serviceable machine for ordinary purposes than that just 
described is one, also made by Messrs. Whitworth, 
which is capable of making measurements up to ten- 
thousandths of an inch. The fine pitch screw of this 
machine has 20 threads to the inch, and the hand-wheel 
used to rotate this screw is of a large diameter, and has its 
circumference divided into 500 equal parts. One of these 
divisions therefore corresponds to -^ x ^V> c)r TTy^rrTrth of an 
inch. Such a machine as this will be found very useful 
for many purposes in a testing laboratory, chief among 
these being the calibration and checking of other measur- 
ing instruments. 
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Some excellent machines of this kind are made by one 
or two American firms, who have especially devoted them- 
selves to, and seem to excel in, this kind of work. 

60. Bar Calipers. — For the purpose of taking compara- 
tively rough measurements, a pair of short bar calipers will 
be found useful. These are similar to the vernier calipers 
which have been described, with the difference that there is 
no vernier attachment and no screw adjustment, so that 
measurements can only be made to hundredths instead of 
thousandths of an inch. They are quickly manipulated, 
and will be found very useful for many purposes. 

EXTENSOMETERS. 

6i. It is necessary in almost all kinds of tests to take 
measurements of the elastic deformations or strains pro 
duced by the stresses applied. In most specimens of ordinary 
size these strains are extremely small, and consequently the 
instruments used for measuring them require to be specially 
adapted for exhibiting minute changes in the dimensions 
of the specimen. In the simplest and most frequently 
performed tests, namely those in tension and compression, 
it is alterations of length which have to be recorded, and 
the instruments used for this purpose are called extenso- 
ineters. Some of the more important of these will now be 
described. There are many different extensometers in use, 
almost every experimenter having his own particular 
design. In order to understand what are the necessary 
requirements to be fulfilled by an extensometer, consider a 
tension specimen having eleven inches clear length between 
the holding shackles. We will suppose loads to be applied 
which do not exceed the elastic limit. In the case 01 the 
metals a bar is stretched to somewhere about one thousandth 
of its own length before the elastic limit is reached. If the 
length upon which measurements are taken is 10 in., as 
would be convenient in the present case, the whole elastic 
stretch of the bar will be one thousandth of ten inches, 
that is to say one-hundreth of an inch, so that the actual 
alterations of length due to comparatively small increments 
of load will be small fractions of one-hundredth of an inch. 
It is found that it is necessary in most cases to be able to 
read extensions to thousandths and ten thousandths of an 
inch. These are very small quantities, which cannot be 
read by ordinary means, and some method must be employed 
by which they can be rendered visible to the eye. This is 
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effected in various ways, by means of — 

Wedge gauges. 

Lever miilti plying arrangements. 

Micrometer microscopes. 

Optical multiplying devices. 
62. Wedge Gauge. — The method of using the wedge 
gauge is shown on Fig. 43. Here A B is a test bar whose 
length between two points C and D requires to be measured. 



Clips E and F are fixed to the bar at these two points. Of 
these, E terminates in a flat square end, and the other one, 
F, in a pointed end. Between these two the gauge G is 
inserted. As the bar stretches these two ends are separated, 
and the gauge can be pushed further in. If the slope of 
the gauge is one in ten, a horizontal movement of the 
gauge ot one inch will correspond to a vertical movement 
of the points of the clips of one tenth of one inch. The 
graduations are on the upper edge of the gauge, and the 
slope of the gauge being one in ten, the smallest reading 
which can be taken is a tenth of the smallest division on 
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the graduated edge. This is usually either a hundredth or 
fiftieth of an inch ; so that thousandths or five-hundredths 
can be read. In order that the readings may be accurate/ 
the top of the distance-piece E.must be plane and correctly 
at right angles to the direction of the bar, and also the 
edges of the gauge must be perfectly straight and free from 
indentations. In spite of its simplicity the wedge gauge is 
very little used nowadays, and may almost be described as 
an obsolete instrument, recent extensometers being capable 
of more precise readings and, at the same time, more con- 
venient to use. 

63. Lever Multiplying: Extensometers. — In all instru- 
ments of this type the alteration in length of a given portion 
of the specimen is magnified, so as to be capable of bemgthe 
more easily measured, by means of a simple lever. This 
is an arrangement which is at once easy to construct and, 
at the same time, gives results which are in most cases 
sufficiently accurate for ordinary purposes. Of the lever 
extensometers in use perhaps those of Dr. Kennedy are 
the best known. These include instruments for the pur- 
pose of measuring the extensions of both horizontal and 
vertical tension specimens. Two of these will now be 
described. 

64. Horizontal Lever Extensometers of Dr. 
Kennedy.* — This instrument is shown in plan and eleva- 
tion on Fig. 44. In both views, of which the lower one 
is the plan, A represents the specimen which is under 
test, held in a horizontal position. At points ten inches 
apart on the specimen are fixed two clips B', B". These 
clips are each fixed to the specimen bj means of two hard- 
pointed steel screws C, C, and it is really the distance 
between these that is measured by the magnifying lever. 
The clips can either be set on two pairs of centre-punch 
marks, or be simply screwed up lightly so as to grip the 
surface of the specimen by slightly penetrating into it. 
They both serve the purpose of fixed distance pieces, and 
they also form the only supports which the instrument has, 
as it has no connection or contact with any outside object. 

To the clip B' is attached the hollow triangular plate E', 
and similarly, to clip B"is attached another hollow triangular 
plate, E". The end of each base slides upon and is 
steadied by the opposite clip. As the bar A stretches, 
the distance B', B" increases, the clips move relatively to 

* Engineering, 1890, II., p. 305. 





Fig. 44. 
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one another, and the horizontal, bases of the triangular 
frames slide past one another to an extent equal to the 
stretch of the bar between the clips B', B". To one of these 
bases is attached a small plate G, which is capable of being 
made to slide along the bar, its movement being con- 
trolled by a screw adjustment. On the top of this 
plate is a small cupped disc. A similar cupped disc 
is carried by the other base, to which it is attached 
by means of a light plate spring. The cups are 
arranged so as to be about a quarter of an inch apart, they 
are on the same level, and their centres lie on a straight 
line at right angles to the direction of the test bar, and 
about half way along. These cups move with respect to 
one another a distance equal to the stretch of the specimen, 
and this distance is magnified a hundred-fold by the lever 
M. Corresponding to the two cup discs, there are fixed 
into this lever two hardened steel points, each of which 
rests in one of the hollows ; the distance between these 
two points forms the short arm of the magnifying lever ; 
the long arm is 25 in. in length, so that the ratio of the 
arms is twenty-five to one-quarter, or one-hundred to one. 
The outer extremity of the lever terminates in a fine point 
which moves over a graduated scale carried by the rod N, 
which is attached to the clip B". The long arm of the lever 
has its weight balanced by a counter-weight attachedto a pro- 
longation of the short arm beyond the suspending points. 
The scale is graduated into inches and tenths. These tenths 
of an inch each represent, in stretch of the specimen, one 
hundredth of one tenth, or one-thousandth of an inch. It is 
therefore quite easy to read to thousandths of an inch, and 
as tenths of the smallest divisions can be estimated by eye, 
it is possible to read to the nearest ten-thousandth. When 
calibrating the instrument, the correctness of the measure- 
ments of the lever arms should not be relied upon, but a 
direct calibration should be effected by means of a vernier 
caliper or a measuring machine. When a vernier caliper is 
used, one clip of the extension gear is fixed to a rigid support. 
The main bar of the caliper is also fixed to a rigid support, 
and the second clip made to grip the slide of the vernier. 
When the apparatus has been fixed in this way, by 
turning the screw of the vernier caliper its slide is made 
to move with respect to the bar, and, consequently, one 
clip of the extensometer relatively to the other one. In 
this way the pointer of the extensometer is made to move 
over its scale. At the same time the exact distance moved 
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is given by the reading of the vernier, and this can be 
comp&red with the reading given by the pointer on the 
scale, and in this way the latter can be adiusted. The 
best way of doing this, having graduated the scale so as 
to give approximately the correct readings, is to move the 
scale inwards or outwards until the reading exactly coin- 
cides with the vernier reading. The length of the pointer 
can then be adjusted to suit the scale. 

65. Kennedy Lever Extensometer tor Vertical Bars.* 
In addition to the extensometer which has just been 



described, Dr. Kennedy has designed and used a somewhat 
modified form, based upon the same principle, and suitable 
for use on specimens which are held vertically, as well as 
horizontally, in the machine. The design is simple, and 
will be easily appreciated on reference to Fig. 45. Here A B 
is the test bar ; C C is a rigid, right-angled frame, carrying 
at its outer end a graduated scale S, and, at the lower end of 
its vertical arm, a centre point, which is held by means 
• Min. Proc. Inst. C.E., Vol. l^txxviii. — 
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of a rubber band D in a centre punch mark on the surface of 
the specimen. The measuring lever or pointer, P, has its 
fulcrum on this rigid frame, and the termination of its 
short end is a centre point similar to the one which has 
been mentioned, and which is also held in a centre punch 
mark by a second rubber band. As the bar alters in length 
these two points become separated, and the point of the 
lever is caused to move down the scale. The calibration is 
effected as in the former case. This instrument may be 
relied upon to give accurate readings, but the writer has 
found that the chief difficulty attending its use is in the 
attachment. A possible cause of error in this instrument 




Fig. 48. 

is due to the fact that the readings given only apply to the 
length variations oioTie surface of the bar, ana not to those 
of the axis. 

66, Qoodman Extensometer. — Another instrument of 
the lever multiplying type is that of Professor Goodman. 
This instrument is intended for use on vertical test speci- 
mens, and consists of a simple lever arrangement. It is shown 
in plan and elevation on Fig. 46. Here A is the specimen 
in the machine ; B and C are two forked clips, one at the 
top and the other at the bottom of the specimen ; these 
serve as the means whereby the extensometer is attached 
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to the specimen. The attachment is made by two pairs of 
screws, which are made to grip the bar in the centre of its 
width. Two brass tubes, D and E, fixed to the fork clips, 
serve to carry the scale F, which is divided horizontally 
into inches and tenths of an inch. A vertical brass roa, 
H, attached to the clip C, has a small groove on its end 
which forms the fulcrum upon which the middle knife 
edge of the pointer, P, rests. At the outer end of the short 
arm of the lever is a second knife edge, pointing upwards, 
and upon which rests a second vertical rod G, depending 




Fig. 47. 



from the clip B. The other arm of the lever terminates in 
a point which moves over the scale F. The leverage is 
100 to 1. When the instrument is about to be used the 
screws are made to lightly clip the specimen at points 10 
inches apart; the dimensions are so arranged that this 
brings the lever nearly horizontal and the pointer at the 
zero of the scale. An exact adjustment to zero can be 
made by means of a small screw L below the lever. As 
the bar stretches, G is lifted upwards and H is lowered, 
and consequently the pointer descends along the scale. 
As the leverage is 100 to 1, a vertical movement of the 
pointer of one-tenth of an inch means an extension of the 
bar of one-hundredth of this, or one-thousandth of an inch ; 
by estimation readings are easily taken to yiroirTrth of an 
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inch. This instniment is easily calibrated either by means 
of a vernier caliper or a measuring machine. Besides being 
simple and inexpensive to make, it is easily manipulated 
and very reliable in its readings ; the writer can state this 
from his own experience. It should be mentioned that 
the pointer is made of wood. 

A general view of this instrument is shown in Fig. 47. 




Fig. 48. 

67. Ewing Microscope Extensometer.^ — In this 
extensometer, instead of the extension of the bar being 
magnified by mechanical means in the form of a lever, 
as is the case with the Kennedy instruments, this is effected 
by the use of a microscope fitted with a micrometer scale. 
A diagrammatic view of the instrument is shown on Fig. 
48. In this figure the test bar is marked A. At two 
points on the har 0, 0, ten inches apart, are fixed, by 
means of pairs of set screws, two separate pieces B and C. 

* Proceedings Physical Society, May, 1895. 
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These have each only one degree of freedom with respect 
to the test bar, this being freedom to rotate about the axes 
of its set screws. To the piece B is attached at right 
iingles the bar B'. The end of this bar is a rounded point 
P, resting in a transverse V-slot, cut in the other piece C. 
As the Imr extends the lower point O descends with regard 
to B B', the bar C turns about the point P as a fulcrum, 
and the opposite end of C, marked Q in the figure, is 
moved in a downward direction also. The extent of this 
movement is ascertained by observing a mark on Q, by 
means of a microscope M. An adjusting screw is fixed to 



the lower end of B' for purposes of adjustment of the 

Soint Q. The microscope, M, is slung by means of the rod 
" from the end of the piece B. The movement of Q, as 
read by the microscope, is not the actual extension of O O, 
but a multiple of it in the ratio of P Q to P 0. On Fig. 
49 is a general view of the instrument as applied to a flat 
test bar. The different parts will be recognised from the 
above description. In addition to what has already been 
mentioned there is a counterpoise I>, which serves to 
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balance the weight of the microscope. In this instrument 
the point B rests in a conical hole instead of a slot. 

The object at Q, which is sighted through the micro- 
scope, is a fine wire stretched across a hole in a plate, and 
illuminated by a mirror behind. Readings are taken to 
one edge of the wire, and a micrometer scale engraved 
on glass is fixed in the eye-piece of the microscope. In 
the instrument in question the distance O P is made 
equal to Q, so that the movement of Q, as seen through 
the microscope, is just double the extension of the speci- 
men. The divisions on the scale, and the length of the 




Fig. 50. 

microscope, are so chosen that readings can be taken which 
correspond to ^nr^ir ^^ ^^ i^^h of extension of the speci- 
men. In order to check the scale readings the screw P is 
turned through one revolution. The pitch of this screw 
is fiV oi an inch, therefore this one revolution of the screw 
should displace the edge of the wire at Q through 500 
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units on the scale. It must here be remembered that Q 
moves through twice the distance moved by O. 

This screw at P may also be used where the extension 
of the bar exceeds the full range of the scale, when Q may- 
be brought back to zero after the end of the scale has been 
reached ; its use is also necessary for adjusting Q to the 
zero of the scale. A special form of this instrument is also 
made for use on the members of actual structures, such as 



the members of roofs and bridges. On Fig. 50 is illustrated 
the latest form of the Ewing extenaometer. This instrument, 
while making use of the principles adopted in the older 
forms, differs considerably in detail, and possesses the 
important advantage that it can be applied equally well to 
horizontal, vertical, or sloping bars. 

68. Unwin Screw Extensometer with Levels*~This 
instrument, which was designed and has been used bj' Prof, 

* Uuwin's "'J«abing of MateriolB." 
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Unwin, is represented by the diagrammatic sketch on Fig. 
51. Here the teat piece, which Is vertical, is gripped at the 
ends of the portion to be measured by two screw clips A, B. 
These are maintained horizontal by ordinary spirit levels, 
placed upon the arms C and D. The arm D is kept in 
a horizontal position by the small set-screw E, which serves 
to rotate the clip about its two centre points The bar C 
is likewise maintained horizontal by means of the screw 
distance-piece F, whose lower end rests upon D, and whose 
upper end presses upon the under part of C. The length 



of this distance-piece is variable, and can be adjusted by 
the graduated wheel G fixed upon the fine pitch screw H. 
As the bar stretches the level on C tends to fall ; this is 
restored to a horizontal position by turning the screw G, 
and when this has been done the amount of extension is 
read on the graduated circumference of G. The pitch of 
the screw and the graduation of the wheel are such that 
the instrument reads to one ten-thousandth part of an 
inch. A perspective view of this instrument, as made by 
Messrs. Nalder Bros., is shown ou Fig. 52. 

69. Unwln Mirror Extensometer — The general 
arrangement of this instrument, Fig, 53, is not unlike 
that of the one which has just been described. 
Instead, however, of haviu*r a distance-piece of variable 
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length between the two clips A and B, there is one, 
E, of fixed length whose ends serve as fulcra, about 
which the clip B rotates as the bar varies in length ; 
and, in consequence of this movement, the outer end of the 
clip A moves with respect to the clip B. To B is attached a 
finger-piece F, which presses against a roller R carried by 
A. As the bar varies in length this finger-piece, pressing 
against the roller, causes it to rotate through a small angle. 
To the roller is attached a small mirror M, and the amount 
of rotation of the mirror is observed by means of a reading 
 ' e and scale. The graduated scale is placed some 



distance away from the mirror, and its reflection is observed 
by means of the telescope. The whole arrangement thus 
constitutes what may be called a system of optical leverage. 
It is stated that readings can be taken to TiAiiirth of an 
inch. A perspective view is shown in Fig. 54. 

•JO. General Considerations.— Many of the extenso- 
meters in use are somewhat costly instruments, and it there- 
fore behoves experimenters to consider well the qualities 
necessary in a good extensometer before proceeding to select 
one for their own use. 

The first quality necessary is accuracy. By this is 
meant that the readings given by the instrument shall 
indicate really and truly the measurements they represent. 
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With all the instruments which have been described this 
accuracy can be relied upon to a considerable degree of 
precision. In all of them, readings can be taken to one 
ten-thousandth of an inch in ten inches. This is equivalent 
to a degree of precision of one in one-hundred-thousand, 
which is quite sufficient for any ordinary purposes. In 
the case of some of the extensometers an even greater 
degree can be depended upon. The writer has tested an 
extensometer of the lever multiplying kind, hj means of 
a Whitworth measuring machine, and found it perfectly 
accurate within the degree of precision mentioned. 

An extensometer should be so constructed as to be 
easily and quickly fixed to the specimen, ready for the 
test. Some instruments are very deficient in this respect, 
and much time is wasted in getting the instrument 
properly set. 

Lightness of construction is an advantage so long as 
stren^tJi and rigidity are not sacrificed. As in testing 
machines, simplicity of design is of the utmost impor- 
tance. A multiplicity of parts adds to the weight as 
well as to the cost. There is greater liability to derange- 
ment, and the instrument is much more difficult to adjust. 

The accuracy of extensometer readings should be 
made to depend not upon direct measurements of lever 
ratios, but the instrument should always be directly cali- 
brated in the manner already described ; and, moreover, 
this calibration should be repeated occasionally so as to 
make sure that the adjustment has not been disturbed. 

In using an extensometer it is important that 
it be fixed on the proper part of the test bar; other- 
wise the readings obtained may be inaccurate. Many 
test pieces are initially curved to a slight extent, and, as 
the load upon one of these is increased, it not only 
stretches but tends to straighten at the same time. The 
effect of this straightening is an unequal strain on the two 
sides of the bar ; the straightening will have the effect of, 
to some extent, counteracting or lessening the stretch of 
the bar on its convex side and increasing the stretch on 
the concave side. If, therefore, the measurements be 
taken on either concave or convex side, they will be rendered 
inaccurate by the straightening of the bar ; a similar effect 
is sometimes produced by the load upon a bar not being 
applied centrally, and the consequent curving of an initially 
straight test piece. It has been shown by Professor Unwin 
that either of the effects mentioned will be accompanied by 
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approximately accurate results, if simultaneous readings 
be taken with two extensometers, one placed on the 
concave and the other on the convex side of the bar, and 
a mean of these two sets of readings taken. Such a plan 
has been very successfully adopted by Professor Bauschinger, 
who has used two roller and mirror instruments : with this 
arrangement he has been able to take measurements of the 
elastic extensions of test bars which have probably never 
been exceeded in accuracy. Mr. Sfcrohmeyer has, in a 
similar way, made use of two roller extensometers working 
with pointers instead of mirrors. 

If, instead of employing two extensometers, only one be 
used, fixed by two pairs of set-screws midway between the 
two sides or opposite the axis of the bar, readings will be 
obtained which are not very far from the correct ones, and 
the same result will be obtained as if two instruments 
had been used. This plan has been adopted in the great 
majority of the more recent extensometers. 

Up to three years ago nothing very definite had been done 
in the way of comparing extensometers of different kinds. 
This has now been done by a Committee of the British 
Association, consisting of Professors Kennedy, Ewing, 
Capper, Beare, and Unwin.* The conclusions arrived at 
are contained in a report published in 1896. This com- 
mittee prepared bars of steel, arranged in four sets of 
three. • Each set consisted of a flat bar of mild steel, 2 in. 
by ^ in., in section, and two round bars of special steel, 
1 J in. and f in. diameter respectively. Two sets of these 
bars were circulated among seven observers who had 
undertaken to make measurements for the committee. 
The extensometers used included micrometer microscopes, 
lever multiplying arrangements of different kinds, and one 
mirror extensometer. In carrying out his observations 
each experimenter was required to make certain definite 
measurements at stated loads, and send in his results on 
special test forms drawn up by the committee. 

The preliminary measurements of the areas of the bars 
by the different observers compared very favourably, and 
showed that the error of measurement very rarely exceeded 
about one-fifch of 1 per cent from the mean .value given by 
several observers, while the difference for any two 
observers in some cases reached one half of 1 per cent. 

In the measurements of extensions for increments of 
load of one and a quarter tons in the smaller bars, and 

* British Associatiou Report, I8U6. 



126 GENERAL CONSIDERATIONS. 

two and a half tons in the larger ones, the variation of the 
maximum and minimum values obtained by any one 
observer are rather large, and in many cases exceed 5 
per cent. This large error is not so bad as it would seem 
when it is remembered that the extensions were those 
corresponding to very small increments of load, and also 
that many of these maximum and minimum errors were 
probably accidental ones. Each observer calculated the 
modulus of elasticity of the bars from the results of his 
experiments. If the mean value of this modulus for all 
loadings by all observers for each pair of similar bars be 
taken as the correct value, it was found that the deviation 
of the results of any one observer from this mean seldom 
exceeded 1 per cent. In one case it was as low as one 
hundredth of 1 per cent, and its mean value was some- 
where about one-half of 1 per cent. Of course the diflferent 
values of the modulus as obtained by the several observers 
do not vary wholly on account of the differences in the 
instruments used, but were also affected by errors in the 
measurements of the bars, errors of the testing machine, 
and personal errors of observation. There was, unfortu- 
nately, no attempt made to separate these errors from the 
purely instrumental ones. The results of the large number 
of tests thus carefully made do not appear to show that 
any one type of extensometer has a marked superiority 
over the others. Some of the results nearest to the mean 
were obtained by instruments of the simplest form. 



Chapter IV. 



TESTING OPERATIONS.— TENSION TESTS, 

71. — The tests which have most frequently to be made 
in a testing machine are those in which the specimens 
are subjected to a tensile load or pull. A tensile test 
is easy to carry out, and the results are more readily 
comparable than in the case of tests of other kinds. 
Almost all the materials of construction may be readily 






Fig. 5r. 



subjected to tensile tests : these include the metals, ductile 
and otherwise, timber, chains, hemp and wire ropes, and 
cement; the exceptions are brick, stone, concrete, and 
substances of like nature. 
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In the above description of testing machines, no par- 
ticular mention has been madeof the methods and amtUsnces 
which are used for holding or gripping the ends of tension 
specimens. These will now be described. 

72. Orippinir Devices — For specimens of ductile sub- 
stances such as wrought iron or steel or copper, whose 
ends have not been specially prepared for the purpose, 
hard steel wedges are employed for holding the 
ends in the testing machine. On Fig. 55 is shown a 
sketch of the gripping arrangement used in the Buckton- 
Wieksteed testmg machines, tor flat specimens. The grips 




used on almost all other machines are similar in principle, 
with modifications in detail. In this figure, A and B are 
the two testing machine shackles, of which A is linked to 
the weighing beam and B to the ram of the straining 
cylinder. In the centre of each of these shackles is a 
conical hole, into which fit a pair of conical seating 
blocks 1>, D. These are made conical on the outside so as 
to fit the holes in the shackle, and have tapered recesses or 
grooves on the inside, in which rest the wedges themselves, 
E, E. These wedges are made smooth on the back and 
rough or serrated on the inside surface which comes a 
Iron and SCeel Institute, l!J88, 



GRIPPING DEVICKS. 



the Specimen. Mr- Wicksteed forms his gripping aurfece 
by cutting the foce of the wedge with shallow grooves, 
parallel and running along and across the &ce. These 
grooves leave large teeth or projections which penetrate the 




I 



surface of the specimen to be gripped. Some makers 
prefer teeth of triangular section running only crosswise. 
For the rapid testing of not very heavy test pieces some 
engineers like to have the faces of the wedges coarsely 
file-cut. 



The object aimed at in having the wedges resting in 
the conical bush is to allow the wedges to accommodate 
themselves to specimens which are not perfectly parallel, 
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and so prevent the gripping being all on one side. The 
same device is used in the Adamson machines. This is 
shown in Fig. 56. Here M, M, are the coned bushes, and 
N, N, the wedges. Messrs. Kiehle attain the same 
object, which is really the preservation of the pull along 
the axis of the bar, by making the faces of the wedges 
convex in section, as shown on Fig. 57. For every 
machine a number of sets of double pairs of wedges 
must be kept, in order to accommodate test specimens 
of different thicknesses. Wedges of the shape shown 
in Fig. 55 are used for flat test pieces, generally those 
cut from plates. For round bars, wedges of the section 






-^ 



Fig. 63.* 

shown on Fig. 58. (A), or sometimes of the section (B). Square 
bars may also be accommodated in the wedges marked A. 

On Fig. 59 are shown photo views of the three types of 
wedges described. 

in the Werder machine, shackles of the form shown on 
Fig. 60 are employed. By having the recess carried right 
through the shackle, plates of great width may be held. 

A holding device, now hardly ever used, which was at 
one time the only one employed, was obtained by drilling 
two large holes in the ends of the bar, these ends being 
enlarged so as to allow of sufficient metal at the sides of 
the holes to secure ample strength for the ends : into these 
holes were inserted pins, which were themselves attached 
to the machine ; in this way the whole force of the pull 

Unwin's *• Testing," p. 177. " 



HOLDING SHACKLES. 



131 



was transmitted to the test portiou of the bar. So long as 
the holes were drilled in the tnie axis of the bar, this 
formed a good method of holding the specimens, but it 
was only applicable to flat bars cut from plates, and involved 
a waste of metal in order to form the enlarged ends. 



Many teat bars are turned from the solid, and are pro- 
vided with screwed ends. The typical way of holding 
these is shown on Fig. 61. Here the specimen is at S, the 
shackle is marked C. A taper bush A rests in the conical 



hole in the shackle, and serves to support a nut B, which 
is screwed on to the end of the specimen. The under part of 
the nut has a spherical form, and rests on a correspondingly 
spherical seating on the bush. By this arrangement 
the ends of the specimen are free to rotate to a small extent, 
and the bar can thus adjust itself so that the pull is alon" 
the axis, and there is no tendency to bending produced. 
This is especially important in the case of cast-iron 
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specimens, which are generally cast with a head upon each 
end. These heads rest upoD bushes formed with spherical 
Beatings, as shown on Fig. 62. These bushes have to be 
made in two halves, so that they can be placed in position 
over the head of the bar. The holding devices which have 
been described are the chief ones in use for tension speci- 
mens of the more ordinary materials ; those used for 
timber, cement, chains, and ropes will be described later 
when dealing with these matenals. On Fig. 63 is shown a 
section of the Maillard type of grip, which can be used for 
both cheese-headed specimens, and for those with screwed 
ends. It is especially useful when the specimens are very 
short. The holder is suspended from spherical seatings. 



On Fig. 64 is shown the arrangement of gripping 
wedges tor flat bars used on the testing machine at the 
Midland Locomotive Works. There it will be seen that 
the wedges are made with rounded hacks so as to dispense 
with the use of conical seating bushes. 

73.Formsof Specimens.— The form and dimensions which 
may be adopted for a test specimen are important in view 
of the fact tnat the shape of a bar has a very definite etfect 
upon the results of the test. The forms which have been 
most generally adopted are shown on Fig. 6;). Of these, A 
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is a specimen cut from a steel ot iron plate, and provided 
with enlarged ends and pin holes for fixing in the machine ; 
this form la practically obsolete. At B is shown a much 
more usual form ; in fact, what may be called the standard 
form for plate specimens. Here a piece about 20 in. long 
and 2J in. wide is cut from the plate ; this is afterwards 
shaped in the manner shown, so as to leave about 12 in. 
between the shoulders, the narrow part being left about 1 J in. 
wide ; there is thus left a clear length of 10 la to be used for 
measuring purposes. 10 in. is the best length to be 
Grips for Plate Specimens. 




employed, although other lengths are used by some experi- 
menters. In making flat test bars of this kind it is most 
important to avoid sharp corners, where the shoulders are 
formed, and to have them rounded, as shown in the sketch. 
The shaping of the bars may be done in a shaping, 
milling, or planing machine. Where a large number of 
the same size have to be prepared at the same time, they 
can be put into a shaping machine, in a batch, and a 
cut taken right across them. A cheaper form than the last, 
and one more easily prepared, is shown at C. It is a 
plain parallel strip, with no reduction in the middle. The 
•Inst. MbcIi. Eng., 1888. 
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objection to this form is that the fracture is liable to 
taKO place at a point not on the measured portion. 
In some cases, where the full quantity of metal is not 
available, much smaller specimens are employed, and the 
measurements taken on shorter lengths, but it is always 
advisable, where it can be done, to adhere to the 10 in. 
length, if only for the sake of uniformity. Bars are 
often tested with the skin on, the specimens being 
simply lengths of about 18 in., cut from the bar. This 
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Fig. 65. 



form is shown at D ; here the measurements are taken on 
a 10 in. length, and about 4 in. are allowed at each 
end for gripping purposes. In some cases the better 
plan is adopted of taking a bar of the above length and 
turning it down in the middle portion, as shown at E, the 
ends being held in wedge grips ; by adopting this plan the 
measuring portion is made perfectly uniform, and fracture 
necessarily takes place here. Smaller round specimens, 
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such as those cut from large masses of metal, are 
sometimes turned with enlarged ends, which are intended 
to fit specially shaped dies, or they are made with 
the ends screwed so as to fit a pair of screw dies. 
These two forms are shown respectively at F and G. Cast- 
iron specimens should be made with enlarged ends. These 
are the chief forms used for test specimens of ductile 
materials. 

74. Making: a Tensile Test. — It will now be well to des- 
cribe in detail the several operations necessary in the 
carrying out of a simple tensile test, and for this purpose 
an example will be taken of the test of a round bar of 
mild steel, 18 in. long, 1 in. diameter. A full test will be 
discussed, that is to say, one in which all the available 
information is obtained. 

75. Preparing: the Bar. — After the bar has been cut to 
the required length, which should allow a clear length often 
inches for measuring purposes between the shackles, as 
well as sufficient length at the two ends for holding 
purposes, altogether about 18 inches, it should be marked 
off in inches from end to end, these inches being 
indicated by centre-punch marks. By thus marking the bar 
from end to end the extension on any length, including the 
point of fracture, whether the fracture has occurred in the 
part between the shackles, or, as sometimes happens, inside 
the wedges, can be readily measured. The inch division 
marks must be accurately set out, as upon these depends 
the accuracy of the measurements of extensions after 
fracture. 

76. Initial Dimensions of the Specimen. — Before the 
specimen is put into the machine, or as soon as it is in 
place, its lateral dimensions must be ascertained ; the longi- 
tudinal dimensions at the beginning of the test beiDg 
determined by the centre-punch marks which have been 
placed on the bar. In the case of a round bar, it is the 
diameter that is required ; when the bar is flat the width 
and thickness are to be measured. The lateral dimensions 
are rarely quite the same at every point throughout 
the length, and it is, therefore, necessary to take the 
measurements in several places and take an average. For 
making these measurements a vernier caliper, reading to 
a TTrVxr^li ^^ ^^ inch, should be used. 

77. Balancing: the Machine. — Before finally tightening u]> 
the wedges, it is most important that the machine be care- 
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fully balanced and the vernier set to zero. That is to say, 
when the beam is in perfect balance, the reading of the 
machine should obviously be zero. It is necessary to draw 
special attention to this fact, because it is one that is often 
overlooked. Very frequently, when the machine has been 
altered for some other kind of test, additional tackle has 
been added to the weight on the upper shackle, and this 
throws the beam out of balance; in some cases the weight of 
the specimen itself may have a disturbing effect. It should, 
therefore, be taken as an axiom, that previous to every test 
the machine must be carefully inspected to make sure that 
it reads zero when there is no load on the bar. Another 
point which should be looked to before a test begins is to 
see that there is nothing to interfere with the free move- 
ment of the beam or beams ; in some cases it may be found 
that the slides are tightened up too much, in which case 
there will be a certain amount of friction added to the load 
on the specimen, and which is not accounted for. 

78, Fixing: the Specimen in the Testing: Machine. — This 
is an operation which, though simple, requires a consider- 
able amount of care. In a vertical machine, the best plan is 
to fix the top end of the specimen first, and then get hold 
of the lower end and pull it tight by screwing down the 
lower cross-head by hand. Before using the wedge grips, 
care should be taken that both the socket and the wedges 
themselves are clean; otherwise there may be some 
trouble in getting the wedges out of their position after 
the completion of the test. A little oil rubbed over the 
wedges will do good in this direction. When the upper 
wedges have been placed in position, and the specimen 
inserted between them, care must be taken that the two 
wedges are on the same level, and that the specimen comes 
fully through them. To attach the lower end to the 
machine, the lower crosshead must be raised to the proper 
height by means of the hand screw adjustment, and the 
wedges then placed in position by inserting them with 
the two hands from the lower side. They will then have 
to be held in this position until a slight tension is put 
upon the specimen, so that the wedges are enabled to take 
a grip of the specimen. This pulling tight is effected by 
putting a small load, say, one-tenth of a ton, on the 
machine, and then tightening up by means of the screw 
gear. If there is any difficulty about the wedges gripping 
the bar, as is sometimes the case with hard metals, it will 
help matters and cause the teeth of the wedges to penetrate. 
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if the wider ends of the wedges are tapped with a hammer. 
When once the grips have taken hold and the test has begun, 
in most cases it will be found that they will retain their grip 
to the end. In horizontal machines there is less trouble, 
as a rule, chiefly on account of the fact that the wedges 
have no tendency to fall out of their places by their 
own weight. The specimen is now ready for testing. 

79. Fixing: the Extensometer. — If the modulus of elasti- 
city is to be found, it will be necessary to attach the 
extensometer with which the elastic measurements are to 
be taken. When putting the bar in the machine, the 
centre-punch marks should be so placed that they can be 
easily seen and approached for purposes of measurement 
daring the test. In the case of some extensometers, it will 
be necessary to provide two pairs of centre punch marks, 
ten inches apart, upon which to fix the instrument. 
Generally, however, in most modern extensometers, the 
attachment screws themselves penetrate the metal slightly, 
and so make their own marks. The extensometer should 
be applied to the bar, so that the gripping screws are 
opposite the axis of the specimen. There is no need to 
screw them up tight ; it is quite suflficient if they are made 
to grip the bar lightly, so long as they are really firm and 
are not likely to slip. In some instruments an attach- 
ment is provided for holding the screw clips exactly ten 
inches apart, and perfectly rigid until the instrument is 
fixed upon the bar, when the clamp can be removed. 
This is the case with Professor Ewing*s instrument, where 
a clamp or distance-piece holds the screw clips at exactly 
ten inches apart, and also maintains the gripping screws 
quite parallel. This is kept on until the instrument is in 
place, when it can be removed, leaving the extensometer 
in the proper position. By some such arrangement as this 
the instrument can be very quickly and accurately placed 
in position, and much time and trouble are saved. 

The extensometer being now on the bar, the beam of 
the machine must be got into a floating position, with 
either no load on the specimen or a definite small load, 
say, a tenth of a ton. The latter arrangement is often 
convenient, especially on a vertical machine, Avhere the 
wedges tend to become loose, and drop out of their places 
if there is no load on the bar. The pointer must now be 
set to zero, ready for the first reading. 

80. Booking: the Results. — In all testing operations it is 
most important that a careful and accurate system of book- 
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ing the observations be adhered to. If one measurement 
is missed, or incorrectly recorded, it may be that the 
whole of the work is wasted, and the test rendered useless. 
The measurements may be first recorded in a rough note- 
book, in pencil or ink, and afterwards copied into a book of 
a more permanent character, but great care should be 
taken that the original observations are carefully and 
systematically recorded. 

In a tension test, such as the one we are considering, 
the information required is as follows : 

Preliminary information — 

Date. 

Number of test. 

Nature of material. 

Special marks on bar (if any). 

Original dimensions. 

Information obtained during the test — 

Loads. 

Extensions resulting from these loads. 

Permanent set (if any), after extensometer readings. 

Load at which the elastic limit occurs. 

Maximum load. 

Breaking load. 

8i. Making: the Test. — When the necessary preliminary 
information has been booked, and the extensometer finally 
adjusted, the test may proceed. As elastic readings have 
in this case to be taken, the load on the bar must be 
increased by small steps and the corresponding extension 
observed after each increment has been added. The 
magnitude of the increment will depend on the nature of 
the material and upon the size of the bar ; it must be such 
as to give a clearly definite reading on the extensometer. 
In the present case an increment of one-quarter or half-a- 
ton will be suitable. 

Great care must be taken that the readings observed on 
the extensometer be correct. The instrument should be 
carefully watched to see that there are no disturbing 
effects creeping in and that there are no backlash effects. 
Readings beyond the degree of accuracy which the instru- 
ment is capable of should never be attempted. This is a 
mistake that is often made. 

If the modulus of elasticity is to be found with any 
degree of accuracy, it is necessary that the readings be 
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repeated once or several times. It is often found that the 
first set of readings are not as uniform as could be wished, 
and for this reason it is well to repeat the process. This 
is especially true in the case of observers who have not had 
a great deal of practice. In some cases it is necessary to 
take three, or even four, sets. Of course, it will be at once 
apparent that, if the elastic readings are to be repeated, 
the first loadings must not be up to the elastic limit. 
Generally speaking, the limit occurs after the bar has been 
stretched to about one-thousandth of its own length, so it 
is safe to go to this point without affecting the initial state 
of the bar. In the case we are considering the measured 
length is 10 inches, and one-thousandth of this is one- 
hundredth of an inch, so that the first set, or the two first 
sets, may be carried up to this point in the mild steel bar 
in question. This will be reached at a load of about twelve 
or tnirteen tons. Supposing a third set to have been taken 
up to this point, and the readings are found to be 
satisfactory and regular, then the test must be continued 
by still applying increments of load and noting the 
corresponding extensions. As the limit is approached, it 
will be seen that the extensions per increment of load, 
which up to this point have been uniform, will begin to 
increase, and a point will be reached when these exten- 
sions, become too great for the capacity of the extenso- 
meter. When this occurs the instrument must be removed 
from the specimen, and the extensions of the bar beyond 
this point measured by means of a pair of dividers and a 
steel rule divided into inches and decimals of an inch, up 
to hundredths. After each loading the dividers must be 
set to the distance between the 10 in. marks by applying 
them to the bar, and this distance measured by transferring 
the dividers to the rule. It will be found more accurate 
and convenient to apply the zero end of the dividers to 
one of the inch divisions of the rule rather than to one 
end. 

As the loads get well beyond the elastic limit, it may be 
found convenient to make the increment greater; thus, 
the increments may be changed from quarter-tons to half- 
tons. Also, when the extensions become large, it will be 
found that the extension in each case does not occur at 
once, but that a little time must be allowed to elapse, 
during which the bar goes on stretching, before the. 
measurement can be taken ; that is to say, the bar must, 
as it were, be allowed to come to rest. 
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When the load has become large and the bar has 
stretched to a considerable extent, it will be seen that the 
scale of the metal — that is, if the bar has not been turned — 
begins to crack and peel ofiF, and also the bar will be seen 
to visibly diminish in diameter, this diminution being 
at first uniformly distributed along the whole length of the 
bar. 

When the maximum load is approached, however, the 
reduction of diameter begins to assume a maximum 
amount at one point of the oar. A distinct thinning takes 
place at this point, and the specimen appears to have a 
"waist." As this local contraction sets in, the load 
has probably reached its maximum amount, and it is 
soon found that the bar will no longer support the load 
which has caused this contraction. The explanation of 
this is simple. When local contraction begins to manifest 
itself, the area of the cross section of the bar begins to be 
more rapidly reduced, and, although the load may not be 
increased, the load per unit area rapidly becomes greater. 
This increase of load per unit area, or stress, has the imme- 
diate effect of still further increasing the local extension 
and contraction, and therefore the stress also. When this 
point is reached, the life of the bar is at an end, and 
fracture soon takes place by the tearing apart of the bar. 

The local contraction only takes place in a marked 
degree in the case of the more ductile metals, such as mild 
steel, the better kinds of iron, copper, and metals of a similar 
nature. By careful manipulation it is possible, in the case 
of ductile metals, to ascertain both the maximum and the 
breaking loads. In order to do this, the maximum load is 
to be quickly noted, and then the jockey-weight rapidly 
run back towards zero until the load just balances the stress 
in the bar ; by carefully adjusting the load in this way 
balance may be preserved until fracture takes place, and 
the actual breaking load obtained. In ductile materials 
this breaking load may be considerably below the maximum 
load. 

Throughout the test, as the load is increased and the 
bar in consequence stretches, the weighing beam will fall 
from its horizontal position, and will have to be raised 
again, and balance preserved by the hydraulic appliances 
provided for taking up the strain of the specimen. In the 
case of the more ductile metals there will have to be quite 
a considerable interval of time between the increase of the 
load in each case and the measurement of the stretch, as a 
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little time is required for equilibrium to be attained. 
When the measurements are taken the beam should be 
floating freely in a horizontal position, and have no 
tendency to fall owing to a further stretching of the bar. 

When the point of fracture has been reached and the 
bar broken in two pieces, the first thing to be done is to 
make sure that both the maximum and breaking loads 
have been properly noted. The broken bar can now be 
taken out of tne machine, the load run back to its zero 
position, and the hydraulic ram allowed to return to its 
initial position by letting out the water which has been 
used to actuate it. The bar, having been taken out of the 
machine, can now be measured. The measurements 
required are: the diameter of the bar at the point of 
fracture, the distance between the two 10 in. marks on 
which the extensions have been measured, and also the 
distance between the pair of marks on each side of the 
actual fracture, which were originally two inches apart. 
These measurements can be made with an ordinary steel 
rule to the nearest hundredth of an inch. In some cases 
the fracture is found to have taken place outside the 10 in. 
gauge marks, and when this is so, another pair of marks 
must be selected so as to include the point of fracture. 
In measuring the diameter of the bar at the fracture, a 
vernier caliper may be used, but it is generally found that 
this diameter is not uniform and an average must be taken, 
depending upon the judgment of the experimenter him- 
self. A note should be made in the book as to the nature 
and appearance of the fracture itself; thus, it may be 
defined as '* silky," " crystalline," or " fibrous," as the case 
may be. 

Having completed the test and obtained the above 
measurements, all the results can now be worked out and 
a diagram plotted. The following is an example of the 
record of such a test, the results of which are fully worked 
out in detail : 

TEST KECORD. 

Date : January 20th,' 1899. 

Specimen of: Mild steel. Tested in: Tension. 

Original dimensions: 1*002 in. diameter. Length: 
10 in. Area : 0788 sq. in. 

Final dimensions: 0*659 in. diameter. Length: 
13*06 in. Area : 0*341 sq. in. 
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Load. 


Extension. 


Load. 


Extension. 


Load. 
Tons. 


Extension. 


Remarks. 


T0U8. 


Inches. 


Tons. 


Inches. 


Inches. 




0-5 


0-0006 


0-5 


0-0005 


11-0 


0-0110 




1-0 


o-ooii 


1-0 


0-0011 


11-5 


0-0115 




1-5 


0-0017 


1-5 


0-0016 


12-0 


0-0121 




2-0 
2-5 
3-0 


0-0022 
0*0028 
0-0033 


2-0 
2-5 
3-0 


00021 
0-0026 
0-0031 


12-5 
13-0 
13-5 


0-0130 

0-050 

0-160 


( Extensometer 
i taken off at this 
(^ point. 


3-5 


0-0038 


3-5 


0-0036 


14-0 


0-210 




4-0 


0-0044 


4-0 


0-0040 


15-0 


0-270 




4-5 


0-0048 


4-5 


0-0045 


16-0 


0-340 




5-0 


0-0053 


50 


0-0050 


17-0 


0-410 




5-5 


0-0058 


5-5 


0-0055 


18-0 


0-510 




6-0 


0-0063 


6-0 


0-0060 


19-0 


0-660 




6-5 


0-0067 


6-5 


0-0065 


20-0 


0-870 




7-0 


0-0071 


7-0 


0-0070 


21-0 


1-250 




7-5 


0-0076 


7-5 


0-0075 


21-9 




Maximum Load. 


8-0 


0-0081 


8-0 


0-0080 


18-4 




Breaking Load. 


8-5 
9-0 


0-0086 
0-0091 


8-5 

9-0 

9-5 

10-0 


0-0085 
0-0090 
0-0095 
0-0100 






Fine-grained 
silky fracture. 


Load 
and t 


taken ot£ 
be read- 




ings I 


'epeated. 


10-5 


0-0105 









Elastic limit : 13-00 tons. 16-50 tons per square inch. 
Maximum load : 21*90 tons. 27 '80 tons per square inch. 
Extension per cent: On 10 in. = 30*6 ; on 2 in. = bb. 
Reduction of area per cent : 5 6 '5. 
Modulus of elasticity : 28,800,0001b. per square inch. 
12*880 tons per square inch. 

On this form are all the recorded facts taken note of 
during the test, and also the results which were calculated 
from the data so obtained. 
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The following are the details of the calculations in- 
volved. The calculation of the areas of cross-section need 
not be detailed here. 

82. Stress at Elastic Limit. — The commercial elastic 
limit, or, as it is also called, the " yield point," is estimated 
from an inspection of the above figures, or better still, 
from the plotted diagram of the test. The load at the 
limit as here taken is that load which has just succeeded in 
producing an extension emphatically greater than the 
uniform elastic extensions which have been taking place 
regularly, or nearly so, up to this point. The increments 
of extension for equal increments of load near the limit 
were as follow : — 



From 10*0 to 10*5 tons, increment is 00005 in. 
10-5 to 11-0 „ „ 00005 in. 



110 to 11-5 
11-5 to 120 
1-20 to 12-5 
12-5 to 130 



>> 



)j 



5> 



J> 



0-0005 in. 
0-0006 in. 
0-0009 in. 
0-0370 in. 



At 12-0 tons the stretch begins to increase fromr 5 ten- 
thousandths of an inch to 6, and at 12*5 tons to 9, and 
then when 13*0 tons is reached there has been a sudden 
and vastly increased extension to 370 ten-thousandths. 



*- 10 



// 



^^. 



—r— 
O 



' ^^ 



* 









o 

-r 



/7 I 

-1506 ^ 



Fig. Q6, 



Between these last two loads the yield-point must be, and 
it is here taken as the load where the yield has really taken 
place. The true limit of elasticity is nearer 12-0 than 13*0 
tons. It being then determined that the elastic limit has 
been reached at a load of 13 tons, the stress corresponding 
to this is : 
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load at elastic limit 



Stress at Elastic Limit = 



original area of the bar. 
13 



0788 
= i6"50 tons per sq. in. 
83. naximum Stress. — 

Tu^ ^«^:^„^ 4. ^« maximum load 

Ine maximum stress = 



original area of the bar. 
21*90 

= ^Yss ^ ^^'^® ^^^^ P^^ ®^' ^^' 

84. Percentas:e Extension on 10 Indies. — After the 
completion of the test, the broken bar is taken out of the 
machine, the two halves placed together just as they have 
broken, and the distance between the two 10 in. gauge 
points measured. If the fracture has occurred outside 
these points, another pair of points, including the fracture, 
and which were originally 10 in. apart, must be selected. 
In the present case this measured length is 

13-06 in. 
Therefore the extension is 

1306 - 1000 = 306. in., 
and the percentage elongation on the 10-in. length is : 
Percentasfe Elons:ation on 10 Indies 

_ stretch -^^ 

"" original length 

= -j^xlOO 

= 30-6 per cent. 
85. Percentas:e Extension on 2 Indies. — This extension 
must be measured on a pair of gauge points originally 
2 in. apart, and including the point of fiacture. in the 
present case this was found to be 3*1 in ; so that the 
actual extension on this length was 

31 -2= 11 in., 

and 

The Percentas:e Elong:ation on 2 Inches 

_ stretch - ^^ 

"" original length 

11 
= - 2- X 100 

= 55 per cent. 
On Fig. 66 are shown views of the bars both before and 
after testing. The measurements for obtaining the elonga- 
tion are indicated. 
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86. Reduction of Area per Cent.— After the test the 
diameter of the bar at the point of fracture is measured, 
and the corresponding area of the cross-section at this 
point calculated. Then the required percentage reduc- 
tion is : 

Reduction of Area per Cent 

orisrinal area— final area 



original area 
0788 - 0-341 



X 100 = 



X 100 
447 



0788 



0788 
= 5^*5 per cent. 

In a previous chapter* it has been shown that " so long 
as a bar remains parallel, and the volume is constant, the 
percentage of reduction of area, calculated on the original 
area, is always less than the percentage of elongation 
reckoned on the originial length. 

But this is not quite a case in point, because there is 
considerable local contraction, and tne portion in question 
of the bar has not remained parallel, and, moreover, the 
local contraction is probably accompanied by a flow of metal 
into the 2-in. portion, causing the volume not to be constant. 

87. The riodulus of Elasticity. — The first step in this 
calculation is the choosing of that set of elastic readings 
which is the most regular. In the two sets in question, if 
each reading be subtracted from that following it, the 
increments of length from ^ ton increase of load will be 
obtained. These are : — 



Load. 
Tous. 


First Sec. 


Second Set! 


Increments. 


Increments. 


Inches. 


Inches. 


0-5 


00006 


0-0005 


1-0 


5 


6 


1-5 


6 


5 


2-0 


5 


5 


2-5 


6 


5 


30 


5 


5 


3-5 


5 


5 


40 


6 


4 


4-5 


4 


5 


50 


5 


5 


5-5 





.. 
d 


60 


a 


5 


6-5 


4 


5 


7-0 


4 


5 


7-5 


5 


5 


8-0 


5 


5 


8-5 





5 


9-0 


00005 


00005 



p. 40. 
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On inspecting these two columns, it will be seen that 
the second set is the more regular, and probably the more 
accurate. It will, therefore, be well to neglect the first set 
and make use of the second. 

We want the mean extension, say, per 1 ton of load. 
This can be found either, as above, by taking the mean of 
the \ ton extensions, and multiplying by 2. Thus, the 
mean extension per ton of load is 

00005 X 2 = 00010 in. ; 
or, better still, the method advocated by Dr. Kennedy can 
be used. In this the increments are reckoned on greater 
differences of load. In doing this, the greatest possible 
range should be taken. Thus, the extension at the load 
half way down the list should be subtracted from that at 
the last load, and so on, taking the successive pairs up the 
list. Suppose an interval of 4 tons be taken, the details of 
the process will be as follows : — 

0-0090 0-0085 0-0080 0-0075 0*0070 
0-0050 0-0045 0-0040 0-0036 0-0031 



0-0040 0-0040 0-0040 0.0039 0*0039 



0-0065 0-0060 0-0055 0-0050 0*0045 
0*0026 0*0021 0-0016 0-OOU 0-0005 



0-0039 0-0039 0-0039 0*0039 0-0040 

Take the mean of these — 

0-0040 

40" 

40 

39 

39 

39 . 

39 

39 

39 
0-0040 



10) -0394 
0-00394 in., 

and the extension per ton of load will be one-fourth of 
this ; that is, 

«<>?^= 0000985 
4 

which result is not quite the same as that first obtained. 

This will be taken as the correct result. 

Now, the modulus of direct elasticity, 

E = ^ 

6 
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where / is the stress producing the extension ; L is the 
original length of the bar ; and I is the extension corre- 
sponding to ft. 
Here 

ft = /^>^77o toi^s per sq. in. 



Therefore, 



0-788 
L = 10 in. 
L = 0-000985 in. 



E = 



10 



0-788x0000985 
= 13,880 tons per sq. in. 
Keduced to pounds per square inch, this value becomes 
28,860,000. 
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These results, both direct and calculated, are typical 
for specimens of ductile metals. They must not be taken 
so much as results^ but rather as models of the methods of 
dealing with such tests. 

88. Distribution of the Extension.— On Fig. 67 is a 
diagram showing the extension of each individual inch of 
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the ten inches between the two gauge marks. On this 
diagram, the numbers along the base rej)resent the number 
of tne inches from one end, and the vertical distances to the 
dia^am represent the extension on these inches. 
The actual figures are as follow : — 



Extension on bach Inch. 





Ist 


• • • 


» •  


19 inch, 


\ 


















2nd 0-20 „ 


3rd 0-21 „ 


4th 0-24 „ 


5th 0-28 „ 


6th 0-29 „ 


7th 0-30 „ 


8th 0-60 „ The fracture occurred in this inch. 


9th 0-50 „ 


10th 0-25 „ 


Making a total of 306 „ 


3. 6 
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Fig. 68. 



89. Plotting: the Diagram. — It is often necessary and con- 
venient to preserve a graphic record of a test, or, in other 
words, to plot a complete diagram of the test. In educa- 
tional testing this should always be done. It gives the 
student an insight into the properties of the material he 
has tested, which cannot be obtained by a mere inspection 



TENSION TESTING. 149 

of figures. For the purpose of comparing tests of similar 
materials the use of diagrams is invaluable. In order to 
plot these diagrams, faint-ruled paper, divided into inches 
and tenths of an inch, should be used. For anyone to go 
through the process of measuring up a sheet of paper every 
time a diagram is to be plotted is wearisome in the extreme, 
and not at all necessary. On Fig. 68 are plotted two dia- 
grams of the above test. The larger one on the right is a 
complete diagram of the test, and is called the loaastrain 
diagram. The horizontal measurements represent loads 
as indicated by the scale; and extensions are plotted 
vertically to the scale shown. The first part of the diagram 
is approximately a straight line almost coinciding with the 
base line, and represents the period below the elastic limit 
when the extensions are relatively small, and can only be 
measured with an extensometer. After thg load of 12 tons 
has been passed, the extensions, which up to now have been 
sensibly regular, begin to increase, and the line begins to 
curve upwards more and more rapidly as the load is 
increased. This rapid upward tendency ceases at 14 tons 
load, and the curve settles down to a uniform curve, the 
extensions increasing constantly. 

The last measurement of extension, while the bar is in 
the machine, is made at a load of 21 tons. The maximuvx 
load is reached at 21*9 tons, and the specimen breaks at a 
lower load than this, namely, 18*4 tons. The last point on 
the curve, which here comes backwards, is at this load of 
18*4 tons, the extension being the total elongation, 3*06 in., 
measured after fracture. 

The second curve, to the left hand of the diagram, is 
the elastic portion of the above curve plotted to a much 
larger vertical scale, 100 times the first. It will be seen 
that this is an almost straight line for the greater portion, 
and curving very rapidly upwards after a load of 12 tons 
has been passed. This load of 12 tons represents the 
true elastic limit, the commercial limit being taken at 13 
tons, after a distinct set has taken place. 

In the curves shown on Fig. 68 the actual points plotted 
are represented by the centres of small circles, and a smooth 
curve has been drawn through these. 

90. Remarks on Tension Testing in General. — The case 
which has just been described in detail may be taken as 
being typical of most tension tests. The tests of other 
materials, and of specimens of other shapes, are similar in 
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a general way, with small differences in detail. It will be 
useful to note any modifications which are required. 

In the first place, it may be pointed out that all the 
measurements and results which have been enumerated 
are seldom required, especially in ordinary commercial 
tests. In tests of this kind the quantities to be determined 
are usually as follow : — 

The maximum stress. 

The stress at the elastic limit. 

The extension on 10 in. of length. 

The extension on the 2 in., including the point of 

fracture. 
The reduction in area per cent. 

Sometimes certain of these are omitted. The modulus of 
elasticity is not often required for commercial purposes. Its 
determination is most useful practice for engineering 
students, besides helping them to a knowledge of the elastic 
properties such as cannot be obtained in any other way. As 
regards the effect of the material itself on the mode of 
carrying out the test and on the subsequent calculations, 
these will now be referred to in detail. 




Fig. 69. 



91. Mild Steel, High-grade Wrought Iron, Copper. — 

The treatment of these three in tension testing operations 
is pretty much the same. They can all be held satisfac- 
torily in wedge grips, although in some cases the specimens 
are turned and chased to fit screw dies. In testing strips 
of plate a difficulty is sometimes found in getting the teeth 
of the wedges to bite at first, especially if the metal is a 
little harder than usual. In cases such as these the holding 
of the wedges is greatly helped by drilling small holes through 
the specimen close to the ends, and inserting short pins in 
these holes. These pins may be about \ in. diameter. 
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They will be found to prevent the specimen from being 
pulled through the wedges in the first instance, and in 
this way help them to take hold of the bar. This 
arrangement is shown on Fig. 69. In the three metals 
which have been mentioned, as the metal is very ductile, 
the percentages of extension and of reduction in area are 
large. In these metals also the bar is often found to break 
at a load less than the maximum load, as it is generally 
possible, when local contraction is observed to be setting in, 
to run back the load to such an extent as to balance the 
pull on the specimen, and to continue diminishing the 
load until fracture takes place. 

92. Low-grade Wrought Iron, the Harder Kinds of Steel, 
Gun-metal, and Brass. — These may be taken as represen- 
tative of the less ductile metals. They are certainly 
ductile, but to a smaller extent than in those already 
mentioned. The holding is effected both by wedge grips 
and screw dies. The extension and the reduction of area 
are less than in the former cases, but are still considerable. 
In these metals, fracture generally takes place at, or very 
near, the maximum load. 

93. The Commercial Elastic Limit. — The best way to 
obtain the actual elastic limit with accuracy is to take careful 
measurements with an extensometer, plot a diagram to a 
large vertical scale, and notice where tne curvature begins. 
An inspection of the figures will also give it. 

The commercial limit, called also the "yield point" 
and the " breaking down point," is best obtained with 
certainty by setting a pair of dividers to as great a length as 
is possible on the bar. One point is then held on the 
lower gauge point, and the other point is made to scribe an 
arc on the upper surface of the bar. When the bar has 
definitely passed the limit the scribed line very perceptibly 
and rapidly thickens. Some observers depend upon care- 
fully watching the end of the weighing beam, which begins 
to drop rapidly when the limit is reached. This is not 
advisable, as it is not at all certain, and a considerable 
error may be made by an unpractised observer. 

COMPRESSION TESTS. 

94. When a material is to be tested in compression there 
are certain rules as to proportions and methods of 
holding which it is important to observe. If the speci- 
men is very short in proportion to its thickness, failure 
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will take place by erushinp alone ; if, on the other 
hand, the length is great relatively, failure will take 
place by bending or buckling ; a length midway between 



these will result in the specimen collapsing, partly by 
reason of its material being crushed ana partly by 
bending. In a compression test, unless it is otherwise 
specified, it is supposed that failure only takes place by 
simple crushing, and therefore it is necessary that the 
specimen for this purpose shall be short. Metal com- 
pression specimens are generally turned in a lathe, and 
should be not more than two or three times their 
diameter in length. Such a specimen is shoivn on 
Fig, 70. The ends of short compression specimens must 
be truly at right angles to their axes and quite plane. This 
is most important, and it is better to have the ends very 
slightly hollow than rounded. The plates of the testing 
machine, between which the specimen is to be crushed, 
should be perfectly flat and free from lumps or un- 
evennesses : the surfaces of these plates must be at right 
angles to the direction of the thrust. The reason of all 
these points is obvious. A tension specimen will tend to 
straighten and accommodate itself to the direction of 
the pull if this is initially a little out of centre. In a com- 

Eession test the case is different. If there is a slight 
nding or want of truth at the beginning, the efiect of 
the load will be to increase and accentuate this instead of 
diminishing it ; so that great care must be taken that the 
load shall be transmitted truly along the axis of the bar ; 
otherwise the result of the test will be greatly modified. 
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In the case of some of the softer materials it is usual 
and necessary to insert a bedding substance between the 
specimen ana the compression plates, so as to distribute 
the load uniformly, just as mortar is used in masonry con- 
struction. But this is not necessary in the case of the 
metals, and it is sufficient to place the specimen between a 
pair of hard, true plates. 

A reference to Fig. 25, page 67, will make clear the 
arrangement which is made use of for carrying out com- 
pression tests on a vertical Buckton-Wicksteed machine. 
Here the lower compression plate B is slung from the 
upper tension shackle A, and tne specimen to be crushed 
is placed between this plate and the crosshead C, which is 
attached to the ram. A somewhat similar arrangement is 
made use of in most of the other machines. 

A form of compression gear, adapted 
for machines which are primarily 
arranged for testing in tension only, is 
shown in the accompanying figure.* 
This form of shackle has been de- 
signed and used by Professor Unwin, 
and consists, as will be seen, of a pair 
of stirrups fitting into one another, 
and which can be pulled apart by 
being attached to the tension shackles 
of the machine. The specimen is 
marked S. The top seating against 
which the specimen rests is made 
with a spherical joint, so that the 
pressure is applied directly in the line 
of pull. 

Keference should also be made to 
Figs. 26, 27, 31, 34, 35, and 38. The 
four-pillar machine of Fig. 27 pos- 
sesses advantages over other machines 
of the vertical type, for compression. 
Fig. 72. from the fact that it is provided with 

means whereby the thrust blocks can 
be truly guided along the four pillar slides. 

The strains of a short compression specimen are not so 
easy to determine as in the case of a longer tension 
specimen. Where the modulus of elasticity in compression 
is required, it is better to make use of a specimen of rather 
greater length than ten inches, and to use an ordinary 

♦Unwin's "Testing," p. 185. 
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extensometer, care being taken that the diameter of the bar 
is sufl&cient to render unlikely any possibility of buckling. 
The elastic deformations of short compression specimens 
have not often been measured. An instrument for this 
purpose, designed and used by Professor Unwin, is shown 




Fig. 73. 



on Fig. 73. This was primarily designed for measuring 
the elastic compressions of small blocks of stone, concrete, 
or similar substance, but there is no doubt that it could be 
used for similar purposes on metal compression pieces, or 
the same principle might be made use of with small 
differences in detail. The working of this instrument will 
be appreciated by reference to the figure. The lower clip 
B is held to the specimen by means of four set screws, and 
the upper one clips the block by means of one pair of 
screws. These two clips have prolongations, D and E 
respectively. There is a vertical pillar C, which carries 
the knife edge about which the upper clip rotates. As the 
block is compressed, and the clip A descends with respect 
to B, the point of this upper clip F rises with respect to 
the end of the lower clip G, and this movement is tw^o and 
a half times the compression of the block. On these 
ends are two fine lines drawn upon silver, and their 
relative distance is measured by means of a micrometer 
microscope H. 

Headings to from sjj^jjjy to s^^^xn) oi an inch can be taken.* 

In most cases, however, it is only the semi-plastic 
strains that are measured. In the case of a tension test, 
the extent to which the loads can be increased is limited 
by the point of fracture occurring, when the test is at an 

 Unwin's *« Testing, " p. 225. 
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end. But in the compression tests of many of the metals, 
it is possible to go on increasing the loads almost indefi- 
nitely. When carrying out a compression test, the 
measurement of the strains, beyond the elastic limit, can be 
made in one of two ways. The most accurate plan is to 
release the load after each increment has been imposed, 
take the bar out of the machine, and measure its length 
Avith a pair of vernier calipers. After this the bar is put 
back and the test proceeded with. 

Another and quicker way is to measure the distance 
between the compression blocks after each increment of 
load, and assume this distance to be the same as the length 
of the specimen. If the plates are true, and the measure- 
ments are always taken in the same place, this method is 
sufficiently near for ordinary purposes. In taking the 
measurements a pair of inside calipers and a rule may be 
used. Better than this is an inside micrometer caliper. 

The behaviour of short compression specimens of the 
various metals is very different. Annealed copper is one 
of those which display properties of almost perfect plas- 
ticity. As the load is increased the specimen diminishes 
in length and increases in its lateral dimensions; for a 
time the true cylindrical form is maintained, but later on 
the specimen assumes a more barrel-shaped form, the 
greatest increase in diameter taking place in the middle 
and diminishing towards the two ends. This is probably 
assisted by the friction between the specimen and the 
compression blocks. Mild steel behaves in very much the 
same way, though if the load is carried beyond a certain 
point, the edges of the disc will begin to show signs of 
cracking. Wrought iron also can be- compressed almost 
indefinitely, but cracks begin to show at lower loads than 
in the case of mild steel, and this is more especially true of 
the poorer brands. Brass and gun metal show less plasticity 
than those mentioned above. In some cases they may be 
compressed until they finally crumble into small pieces ; 
in others they fail at an earlier load by violent and sudden 
rupture, fracture taking place by shearing across a plane 
forming an angle of about 45 deg. with the axis. Of course, 
it will readily be understood that there is a great difference 
between brass and gun-metal specimens made from different 
mixtures. Cast iron always fails by sudden rupture across 
a plane forming an angle of 45 deg. with the axis of the 
specimen. The rupture is accompanied by a loud report, 
and the several pieces of the specimen fly outwards with 
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great force, so that it is necessary, for the safety of the 
operator, to surround the bar with wood or sacking, which 
will prevent the pieces from being shot outwards. The 
compressive strain of cast iron is small, and measurements 
are not usually taken Aluminium shows a considerable 
amount of plasticity, but cracks under a high load. 

EXAMPLE OF COMPRESSION TEST. 

Date : January 21st, 1899. 
Specimen of: Copper. 
leatedin: Compression. 

,^ . . 77. . fO*95in. dia. 2o in. long. 

^ ( 708 sq. in., original area. 



Load. 


Length. 


Compression. 


Remarks. 




Tons. 


Inches. 


Inches. 






3 


2-49 


0-01 






4 


2-47 


0-03 






5 


2-45 


0-05 






6 


2-42 


0-08 






7 


2-3S 


0-12 






8 


2-34 


0-16 






9 


2-30 


0-20 






10 


2-27 


0-23 






12 


2-18 


0-32 






14 


209 


0-41 






16 


2-00 


0-50 






18 


1-89 


0-61 






20 


1-80 


0-70 






25 


1-51 


0-96 


• 




30 


1-33 


1-17 






35 


1-17 


1-33 






40 
45 
50 


1-05 
0-95 
0-88 


1-45 
1-55 

1-62 

1 


The load was taken < 
at 50 tons load. No si( 
of cracking. 





95. The Compression Dia^^ram. — On Fig. 74 is shown 
a diagram which has been plotted from the results of the 
test quoted above. Here, as before, loads are plotted 
horizontally and lengths upwards, or, in other words, 
compressions downwards. 
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In a compression test the main object is to determine 
the load at which the elastic limit is reached, because after 
this point has been passed very little further information 
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Fig. 74. 



can be obtained from the test. In a tension test the case 
is different. Here many facts relating to the nature and 
properties of the material are revealed when the specimen 
is tested to destruction, and measurements of the final 
dimensions are made. The curve on Fig: 74 shows 
distinctly that a very well marked plastic deformation 
takes place after a certain load had been reached. Beyond 
this point the curve is very regular and uniform. Before 
this is reached the curve is almost flat, but it begins to fall 
away after the elastic limit has be on passed. 

The appearance of three typical compression specimens 
after sustaining a high load are shown in Fig. 71. Here 
A represents the appearance of a plastic substance, such as 
mild steel or copper, after compression ; B indicates the 
appearance of a piece of a metal which has a tendency 
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towards lamination, such as wrought iron ; and C shows how 
a hard, brittle metal like cast iron, fails by the sliding or 
shearing across a plane inclined to the axis at an angle of 
about 45 deg. It must, of course, be understood that the 
fracture is not nearly so clean and regular as that shown, 
but it approximates to this form. 

96. Real Stress-strain Diagrams. — Two diagrams have 
been shown on Figs. 68 and 74, one being what is gener- 
ally called the " stress-strain " diagram for a specimen of 
mild steel tested in tension, and the other a similar curve 




Fig. 75. 



for copper tested in compression. The term " stress-strain " 
as applied to these diagrams is not the correct one. It 
would be more appropriate to call them " load-strain " dia- 
grams. Loads are plotted horizontally and the correspond- 
ing strains vertically. If the stresses were at all times 
proportional to the loads, in a constant ratio, the curves 
would be converted into " stress-strain " diagrams by a 
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simple change of scale. But this is not so. If the speci- 
men is at all ductile, longitudinal strains beyond the elastic 
limit are accompanied by corresponding alterations in the 
lateral dimensions, and as the length increases, the area of 
the cross-section diminishes, and the contrary takes place 
when the length is diminished, as in a compression speci- 
men. Within the elastic limit the stress on the bar is 
sensibly proportional to the load, but when this point is 
passed, the stress varies at a rate different from that of the 
load. In a tension test the area of the cross section 
diminishes as the load increases, and as the stress at any 
point is the load divided by the area, the stress per unit 
area increases more rapidly than the load. Hence in this 
case the load is not itself a measure of the stress. 

A true stress-strain curve could be obtained by measuring 
the lateral dimensions of the bar at each increase of load^ 
calculating the areas at these points, and dividing the load 
by the area in each case to obtain the stress, and plotting 
the diagram from these results. Such a plan, however, 
would be extremely laborious. The same end can be 
gained by first plotting the load-strain diagram, and by 
means of a simple geometrical construction,' obtaining the 
true stress-strain curve from this. 

The determination of this curve for a tension test of 
mild steel is shown on Fig. 75. Here the load-strain 
diagram A B C D is plotted as before. Then the line 
A, at the extreme left of the diagram, from which the 
loads have been measured, is produced to G, A G being 
made equal to the length of the specimen previous to the 
test, A being the extended length. Both these must be 
to the same scale. Take any point on the load-strain curve 
C, and draw through it a horizontal line C H. Also draw a 
vertical through this same point to meet the base line in a 
point K. Join G and K, and produce this to cut the line 
H C produced in E. Then E will be a point on the real 
stress diagram. 

The proof of this depends on the assumptions that the 
bar remains parallel during the plastic deiormation, and 
also that the volume of the bar remains constant. These 
are both approximately true. 

Let A = the area of the original cross-section of the 
bar. 
a = the cross-section at the load H C. 
L = G A = the original length, 
i = H A = the extension corresponding to the 
load H C. 
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Then the original volume of the bar is 

= A X L, and 

the volume at the point in question is 

= a X (L + I). 

But these are assumed to be equal, so that 

A L = a (L + Z), 
or 

a _ L 

A "L + l 
GA 



GH 



A K 
= TT"p > by similar triangles 

Again, the apparent stress is — j — ; and the real stress is 

— « So that 

a '■ 

Apparent stress _ a _ A K 



Real stress A HE 

Therefore, if, in the diagram, AK or HC represents 

the apparent stress or the „ ... , the distance HE, 

Original area 

obtained by the above construction, will represent the 

real stress, or the =r . In the same manner, a 

rresent area 

number of other points can be found on the real stress- 
strain curves. When the maximum load has been passed, 
local contraction sets in, and the construction is no longer 
applicable. The last point, F, on the real stress curve 
must be obtained by dividing the final load by the final 
area, as obtained from the broken specimen. Inus, 

Final stress = O F = Breaking load 

Jbmal area 

This value must be plotted on the diagram and a smooth 
curve drawn through all the points obtained. A B E F 
is then the real stress-strain curve. 

A similar construction may be applied to compression 
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curves. An example of this is given on Fig. 76. The 
construction will be clear from the diagram. 



Here 



L = the original length of the specimen. 
I = the compression or shortening. 
A = the original area. 
a = the area at the point in question. 



Inches 




20 30 40 

Uoads 

Fig. 76. 



^ ibns. 



The volume being supposed to be constant, and the 
specimen to have kept its parallel shape, 



AxL 

A 

a 



m2 



= ax(L — l) 

L-l 
L 

GC 
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But 

load. 



Real stress 


_ * 


Apparent stress 


load. 




A 




_ A 




a 




GB 




GC 




_ BF 



BE. 



The defect in using this construction is due to the fact 
that, after the first few loads beyond the elastic limit have 
been passed, the parallel form leaves the specimen, and it 
becomes more and more barrel-shaped. 



Chapter V. 
TESTING OFERATIO^S.— (Continued.) 

SHEARING AND BENDING TESTS. 

97. Shearing Tests. — There are fewer tests in compression 
than in tension, and there are still fewer in shear. The 
reason for this is not far to seek. Shearing tests are not 
so easy to carry out satisfactorily as are tension tests, 
strain measurements are difficult to make, and, more- 
over, these tests yield no results beyond the ultimate 
shearing stress. If the tensile properties of a metal are 
known, or can be ascertained, it is sufficient for all prac- 
tical purposes to assume the shearing strength to bear a 
definite ratio to the tensile strength, as it has been deter- 
mined that this shearing strength does depend on the 
tensile strength in a fairly constant ratio for a given 
metal. What has here been said relates only to direct 
shearing tests where the conditions that obtain are similar 
to those in a riveted joint. Shearing takes place in a 
bending test, but the most satisfactory way of investigating 
the shearing properties of a material is by subjecting it to 
a test under a torsional stress, where there is shear taking 
place in a circular direction. 

A reference to Fig. 5 (p. 16) will make clear the condi- 
tions under which a shearing test is to be carried out. If the 
bar to be tested is A B, the portion A must be rigidly held 
while the other part B is also held in a similar way ; but 
these two portions, A and B, are to be moved in opposite 
directions. It is extremely important that the two holders 
or shackles shall be placed very close together, so that 
there is no tendency to bending in the portion between 
the two in which the shear takes place. This is effected 
by having the two shackles placed very near to one 
another, and by making them to. fit the bar accurately and 
tightly, so that there is no play or freedom to yield. In 
some shearing tests, single shear, as depicted in Fig. 5, 
is made use of. It has, however, been found much more 
convenient to apply the load in double shear ; that is to 
say, to have the two end portions of a bar held, and to 
shear away the middle portion. 
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98. Shackles for Holding Shearing Specimens.— 

Shearing specimens may be either round or square or flat. 
A very convenient fonn of shackle tor holding round turned 



specimens is shown in Fig. 77. Here the specimen to he 
tested in shear is marked A. The specimen in this case 
is a round one, and is turned so as to fit the shackles 
accurate!}'. The shackles themselves are B B and C. Of 
these nts the middle portion of the bar, and is attached 
to one of the tension shackles of the testing machine, so as 
to be pulled in the direction shown by the arrow; the 
two outer portions of the piece are held in the other 
shackle, marked B. This is attached to the other 
tension shaclde, so that it can be pulled in the opposite 
direction from that of the first. ' In shackles of this form 
it is most important that the bar be fitted tightly into the 
holders, so that it cannot possibly be bent and caused to 
fail in that way. The reliability of the results of a shearing 
test depend, to a great extent, on the manner in which 
the test piece is gripped. It is usual in this arrangement 
of a shearing test to slightly nick the bar in the parts 
where failure may be expected to take place. These 
grooves are shown on the figure. The holders themselves 
must be of hardened steel. 

In one form the cutting edge of the middle holder is 
adjustable on a spherical joint, so that the pressures on its 
two edges may be equal. 

This form of shearing tackle gives good results for the 
more ductile metals, btit where cast iron is to be dealt with 
a modified form must be employed, as there is too great a 
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possibility of cross-breaking. The shearing test apparatus 
shown in Fig. 78, as used by Professor Johnson, ot Wash- 
ington University, is suitable for all classes of metals. 
Instead of the test piece being simply placed in position 
in the shackes it is firmly bolted in place, as shown in the 
illustration. The holding dies are made of hardened 
steel. Both the middle and ends are fixed in this way. 
The load is applied by placing the apparatus between the 
two compression plates of a testing machine. There is no 
reason wny this should not be arranged so that the load is 
applied from, the tension shackles as before. The bar to 




\ 
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'I : I 
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.—4 



t 




Fig. 78. 



be tested may be of the square form, as shown, or the dies 
may be cut out in the form of semi-circular recesses to 
take round bars. In this apparatus it will be seen that 
there is no possibility of freedom or shake, and conse- 
quently no tendency to cross-breaking. 

It is not usual when using this apparatus to cut grooves 
in the bars. 

The operation of carrying out a shearing test is fairly 
simple in the case of the first piece of apparatus described ; 
care must be taken that the test bar fits the holders 
accurately and tightly, and also that the pull is quite 
central and symmetrical. Before the test, the dimensions 
of the bar must be carefully determined. In this case the 

*JohQEon*8 <* Materials of ConstructioD," page 387. 
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required dimension will be the diameter at the bottom of 
the grooves where failure may be expected to take place. 
When the bar has been placed in the machine it is only 
necessary to increase the load until failure takes place. 
This applies to both kinds of holding apparatus. Only in 
very few cases has an attempt been made to measure the 
strains in a bar under direct shear. Mr. Andrew Kirkaldy 
has measured the amount the dies have moved relatively to 
one another before actual shear had taken place, which strain 
he has called the "detrusion." This he found to be a 
sensibly constant quantity for the same metal. 

The following are two examples of shearing tests, one 
of a bar of mild steel and the other of cast-iron. The data 
obtained from the test and the calculated results are both 
given ; it will also be seen that the tensile strength of the 
same material is given, and the ratio which the shearing 
strength, in tons per square inch of total section, bears to 
the tensile strength is calculated also. 

SHEARING TESTS. 



• 

-2 


Diameters 

at the 

two sections. 

Inches. 


Areas in 
square inches. 


Total 

Area 

sq. ins. 


Shearing 
load. 
Tons 


Shearing 
stress 

Tons 
per sq. in. 


Tensile 
stress 

/, 

Tons 

per 

sq. in. 

25-95 




Mild 
Steel 


0-803 


0-807 


0-507 


0-511 


1-018 


22-91 


22-50 


0-87 


Ca«%t 
Iron 


0-816 


0-824 


0-622 


0-532 


1-054 


10-05 


9-54 


9-74 


0-98 



These figures hardly require any explanation. In both 
cases the bars were tested in double shear, and the total 
area is taken as the sum of the two individual areas 
through which shearing has taken place. The shearing 
load is the actual load required to cause the bar to be 
completely severed in three pieces. The ratio of the 
shearing to the tensile stress should always be ascertained 
where possible. This value is found to vary somewhat in the 
different metals. Generally speaking this ratio is higher 
the lower the tensile strength. In the following table are 
quoted a few typical examples of the results of shearin 
tests, as given by difterent authorities. 
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TABLE OF SHEARING STRENGTH OF VARIOUS 

METALS. 



Material, 



/. 

Shearing 

htrength. 

Tons per 

sq. iu. 



Bessemer Steel 

Crucible Steel 

Steel Propeller Shaft 

Cast Steel 

Landore Rivet Steel 

Siemens- Martin Steel 

Rivet Steel 

S. C. Crown, W.I 

Netherton Crown Rivet \ 
Iron J 

W. I. Bars 

Copper 

Muntz Metal 

Gun Metal 

Hard Rolled Bronze 

Bronze Castings 

Cast Iron 



35-21 
33-30 
18-12 
27-60 
23-00 
21-05 
24-35 
20-72 
21-21 
20-37 
11-60 
18-60 
12-47 
16-06 
10-39 
9-54 



A 

Tensile 

strength. 

Tons per 

sq. in. 



Batio. 

A 

A 



52-20 
52-16 
27-36 
2^-04 
28-40 
25-75 
27-46 
24-56 
25-01 
23-44 
14-00 
25-46 
13-68 
26-90 
11-48 
9-74 i 



0-67 
0-64 
0-66 
0-72 
0-81 
0-82 
0-88 
0-85 
0-85 
0-87 
0-83 
0-73 
0-91 
0-59 
0-90 
0-98 



Authority. 



Piatt and Hayward 

Piatt and Hayward 

Kirkaldy 

Piatt and Hayward 

Piatt and Hayward 

Piatt and Hayward 

Kennedy 

Piatt and Hayward 

Piatt and Hayward 

Popplewell and Coker 

Piatt and Hayward 
Piatt and Havward 
Kirkaldv 
Kirkaldy 
Popplewell and Coker 



99. Punching: Tests. — These are analogous to shearing 
tests ; in fact, punching is in reality shearing on a cylin- 
drical instead of a plane surface. These tests may easily 
be carried out in an ordinary testing machine which has 
been arranged for compression tests. The only additional 
apparatus required is shown on Fig. 79. Here A is the 
punch, made slightljr tapering upwards, B is the plate to 
be punched, and C is the lower die or bolster, in which is 
a conical hole D. The smaller diameter of this hole is 
made slightly larger than the bottom diameter of the 
punch, so that there may be sufficient clearance. In using 
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these in a testing machine the punch is fixed to the upper 
compression plate, and the bolster to the lower one. 1 he 
piece punched out is slightly conical in shape, but it is 
usual to take the diameter of the circle upon which the 
shear takes place as that of the cutting edge of the punch. 
The operation itself is simple. It is only necessary to 




place the specimen beneath the punch upon the bolster, 
and then to bring the two together and increase the load 
until the failure has taken place by the punch shearing 
the piece out of the plate. The following is an example 
of such a test. In this case the tensile strength of the 
same plate has been previously ascertained. 

PUNCHING TEST. 



Material. 


Thickness, 
inches. 


Diameter of 
punch, 
inches. 


Punching 
load, 
tons. 


A 

Shearing 

stress, 

tons per sq.in 


/; 

Tensile 

stress, 

tons per sq.in 


ft 


Mild steel. 


0-39 


1-00 


3200 


26-20 


31-10 


0-84 



The shearing area is 

a = diameter of punch x 3'141 x thickness of plate 
= 1 X 3141 X 0-39. 

= 1*22 sq. in. 

mi , . . Punching load 
Ihe shearing stress = ^  



a 



32 



= -^^ = 26*20 tons per sq. in. 
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ioo.*5hearing; Tests by Prolessor Talbot. — Some recent 
shearin" tests, made by Professor Talbot, of Illinois, are 
interesting, both as regards his methods and the results 
obtained. The specimens tested were subjected to both 
single and double shear. The apparatus used is shown on 
Fig. 80. That marked a is for single shear tests, and con- 
sists, as will be seen, of two plates of steel caused to slide 
close to one another by means of a pair of bolts working 




in slotted holes. Pairs of holes are provided for taking in 
1 in,, f in., and i in. test pieces. The loads are applied in 
a tension testing machine. A similar piece of apparatus 
is used for double shear, as shown at b. These test plates 
were of tool steel of 3.5 tons per square inch tensile strength. 
The testing machine used was one by Olsen. It was found 
that little perceptible distortion tooK place in the holes of 
the test plates. 

The following table gives the principal results of 
shearing tests made upon rivet material, of which the 
tensile strength was also determined. 

The figures given in the table are taken from the 
actual published results, but are here given in tons instead 
* See "Mechanical Engineer," Sept. 3rd, 1898. 
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of pounds. It will be noticed that the ratios obtained are 
somewhat lower than the one which is often quoted, 
namely 0*80, being most frequently in the neighbourhood 
of 0*75. At the same time this ratio is variable over a 
limited range. It will be noticed that for each metal, 
bars of smaller diameter give the larger ratios. This result 
is curious and cannot be accounted for by the bending 



TABLE.— Comparison of Shearing and Tensile Strengths of 

Rivet Material. 



Diameter. 
Inches. 



50 
0-75 
100 



0-60 
0-75 
I'OO 



0*50 
0-75 
1-00 



0*50 
0-75 
1-00 



TfiNSION. 

Ultimate 

Strength. 

Tons per 

square inch. 



Victor 
21-4 
22-3 
211 



Best 

21-8 
210 
22-0 



Stru 

247 
250 
24-0 



Single Shear. 



Ultimate 

Strength. 

Tons per 

squire inch. 



Ratio of 

Shear to 

Tension. 

Per cent. 



Boiler Ri 

17-2 
16-9 
15-4 



Boiler Ri 

17-2 
16-2 
16-1 



22-2 
22-4 
21-6 



CTURAL Rl 

19-4 

:i8-6 

17-0 



Wrought 

18-0 
17-2 
15-7 



Iron. 

81-5 
77-0 

72-8 



Double Shear. 



Ultimate 

Strength. 

Tons per 

square inch. 



VET Steel 




80-0 


16-8 


75-7 


16-7 


73-3 


15-4 


VET Steel. 




79-1 


17-5 


77-0 


16-2 


73-2 


16-2 


VET Steel 




78-3 


18-4 


74-6 


18-7 


70-9 


17-2 



17-0 
17-5 
16-2 



Ratio of 
Shear to 
Tension. 
Per cent. 



78-4 
75-3 
73-2 



80-6- 
77-2 
73-4 



76-0 
74-9 
72-0 



79-5 
79-8 
75-2 



effect produced, because this would have the opposite 
tendency, and give a lower shearing strength for the smaller 
bars. The author of the paper in which the experiments 
are described suggests that the lower shearing strength of 
the larger bars is probably due to the fact that the bearing 
stress must be greater in this case, greater indentation is 
produced, and probably this leads to the shearing taking 
place at lower loads. 

loi. Choice of Shearing^ Tackle. — Some difficulty may 
be experienced in choosing a suitable form of apparatus for 
the purpose of carrying out shearing tests. In any shear- 
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ing tackle, the two most important conditions for accurate 
testing are, first, that the load be applied in a direction 
truly at right angles to the centre line of the test bar, and, 
secondly, that there should be no possibility of a bending 
stress being introduced. The latter condition can only be 
attained by the bar being rigidly held in its place and 
being allowed no play or freedom. In order ihat this may 
be so the bar must either be very accurately turned and 
fitted into the holes, or it must be firmly bolted in its place, 
as in the Johnson gear, which has been described. The 
true direction of the load is more easily preserved in a gear 
in which the load is applied in a tension machine than 
when applied in a compression machine. Probably a form 
of tackle in which the holding arrangements of Professor 
Johnson were combined with an attachment for holding 
and applying the load in a tension machine, instead of as 
at present, between the compression plates, would be as 
reliable as any. 

CROSS-BREAKING TESTS. 

102. Systematic tests of materials under cross-breaking 
stresses often require more preparation and more elaborate 
appliances than tests in tension ; but for some purposes 
and for some materials they provide valuable informa- 
tion, and serve their purpose better. For instance, 
bending tests of cast iron are more easily carried out, ' 
and, as a rule, are more reliable than those in ten- 
sion. Timber, again, is most frequently subjected to 
bending stresses when in actual use, and bending tests 
provide the most reliable information as to its qualities 
for the purposes for which it is to be utilised. Wrought- 
iron and steel, though not usually tested under bending 
stresses in the form of small test pieces, are frequently 
tested as rolled joists and girders, and in some cases in the 
form of actual built-up beams ; this also applies to rails of 
various sections. 

103. Testing^ Appliances used in Cross- breaking^. — As 

we have already seen, most testing machines intended for 
general work are provided with special parts for the carry- 
ing out of bending tests. In addition to these, there are 
many small machines designed and used almost exclusively 
for work of this kind. The plan adopted is very much the 
same in all cases. To one of the shackles of the machine — 
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say, the load-measuring shackle — a heavy, stiff beam is 
attached, at or near the ends of which are two supports, 
upon which rests the beam to be tested, and which 
at the same time determine the span ; to the other shackle 
is attached a stirrup carrying a tnife-edge, which is made 
to press upon the centre of the beam to be tested, and thus 
forms the point at which the load is applied. In some 
cases the points of support are simple steel knife-edges, 
in others the ends of the beam are allowed to rest upon 
prisms of steel, of semi-circular section, with the flat faces 
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against the specimen. The semi-cylindrical surfaces rest in 
bearings of corresponding form, and as the beam bends 
under the load, these plates move slightly in their bearings, 
and in this way accommodate themselves to the 
varying form of the beam. The span in this case 
is the distance between the centres of the cylindrical 
portion of the plates. This arrangement is shown well in 
the case of one of the smaller Buckton-Wicksteed machines 
in Fig. 26. Here the supports are shown, but the semi- 
cylindrical plates are not in position. Keference should 
also be made to Figs. 27, 31, 32, 33, 35, and 36. In the 
case of the Sydney machine, on Fig. 27, the load is measured 
through a stirrup hung from the tension shackle, and the 
supports are formed on the ends of rams working in 
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cylinders which are fixed in the two separate standards 
shown. By this means, beams of very much greater span 
than could be taken by the usual appliances can be tested. 
In the ordinary machines of 100 tons capacity, provision is 
usually made for testing beams up to spans of 5 ft. or 6 ft. 
In the Sydney machine the maximum span is 15 ft. 

On Fig. 81 is shown the form of beam testing shackle 
as applied to a 100-ton vertical machine designed primarily 
for tension, and having no provision for compression or 
cross-breaking. Here the lower frame or beam A is 
attached, by means of a pin, to the lower tension shackle, 
and the stirrup, carrying the central knife-edge B, is hung 



^ 




s 




m 




Fig. 82. 

from the upper tension shackle. The supports for the ends 
of the specimen beams are knife edges pointing downwards, 
as shown. This is the form of shackle made for Professor 
Unwin, by Messrs. Buckton. 

In all bending shackles provision is made whereby the 
span can be varied at will. The load is generally a concen- 
trated one applied in the middle of the beam, which is 
itself supported at the two ends, but by a slight modifica- 
tion the load can be applied in a distributed form, or on 
two or more points. Tnis, however, is rarely done. 

At the present day, testing machines are so numerous 
that they can nearly always be obtained for beam testing 
purposes ; but where a machine is not available, the beam 
may rest on fixed supports, and the load may be applied 
by hanging on a number of dead weights. This plan is 
illustrated on Fig. 82. 
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The supporting and loading of a beam under test is not 
as a rule difficult, but the measuring of the strains requires 
some special care. In a tension test, measurements can be 
made along the length of the bar, but in a bending test the 
strains are in a direction at right angles to this, and the 
supporting of the measuring apparatus is not so simple as 
in the former case. 

104. Deflectometers. — These are, as their name implies, 
instruments for measuring the strains on a specimen under 
a transverse test. As in tension testing, the first and most 
important condition to obtain is that the instrument used 
shall be entirely supported by being attached to the speci- 
men, and no measurements should be taken from parts of 
the testing machine itself. The reason for this is that the 
machine parts undergo strain themselves, and there may 
be small strains of the beam due to the compression of the 




material on the points where it bears on the supports. 
Strains due to either or both of these causes will be 
recorded as part of the legitimate bending strain, and are 
therefore to be avoided. In cases where the span of the 
beam is great relatively to the depth, and consequently 
the bending strains are relatively great, and also when the 
supports are of the rolling or rotating kind, and there is 
likely to be very little indentation of the specimen, it is some- 
times permissible to transgress the rule and to measure 
the deflections from a frame attached to the supports near 
the beam itself, and the likelihood of error will be small. 
But it is advisable, when it can possibly be arranged, to have 
the measuring gear wholly supported by the specimen. 

In the rougher kind of tests, such as those carried out 
on bars of cast iron, and where it is not required to deter- 
mine the modulus of elasticity, the measurements of strain 
may be made with a steel rule divided into hundredths of 
an inch. The arrangement of this is shown on Fig. 88. 
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Here the beam to be tested, marked S, is shown supported 
at the two ends, and having the load applied in the centre. 
B represents a light but sufficiently stiff frame, held to the 
bottom of the beam by means of spring clips. As the loads 
on the specimen increase, it will be bent, but the measur- 
ing frame will retain its original shape. The measurements 
of the deflections may be determined by applying the steel 
rule, B, and taking the deflections direct. The measuring 
frame may be made of either metal or wood ; if of the 
latter, a small plate of brass should be affixed to it so as to 
provide a sharp edge, or a line, to measure from. 

Strictly speaking, the measuring bar, the points of 
support of, and the point on the beam from which the 
measurements are taken should be in the neutral axis of 
the beam, as it is in reality the deflection of this that is 

Fig. 84. 




^ 



A-,y- u 






2: 





Fig. 85. 

wanted ; but it is more convenient to attach it loosely to 
the surface of the beam, especially as, if the bar is attached 
this way, there is less likelihood of its being broken 
when fracture takes place and the two parts of the 
beam fall to the ground, and the error involved is rela- 
tively small. A more permanent measuring apparatus 
than that described may be arranged by having the steel 
rule attached to the measuring bar during the test. 

Provision is made on some of the Buckton-Wicksteed 
machines for measuring the deflections of beams by 
means of a plate, A (Fig. 84), supported below the beam 
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which is being tested upon two steel bars, fitting at the 
two ends into the brackets which carry the revolving 
supports. During a test the deflections may be either 
measured directly from this plate to the under-surface of 
the beam by means of a pair of ordinary calipers, an inside 
micrometer caliper, or a separate multiplying deflectometer, 
like the one shown in Fig. 85.* This instrument is simply 
a lever of large multiplying ratio clamped to the plate, and 
having the short end of its lever resting against a point on 
the underside of the beam. The end of the long arm 
forms a pointer, which is arranged so as to move over a 
fixed vertical scale, and the deflections of the beam are the 
readings on the scal^ multiplied by the velocity ratio of 
. the lever. This arrangement is found to work very satis- 
factorily, in spite of the fact that it is in principle faulty 
in one or two respects — as, for instance, the support of the 
measuring lever is not carried by the beam itself. The 
error introduced from this cause is very small, because 
the heavy design of the supporting brackets and the large 
bearing surface upon which the beam rests render it 
difficult for any appreciable yield to take place. 

For given loads, the deflections are relatively great as 
compared with the extensions of a tension piece for the 
same loads, and therefore the measuring gear need not be 
of quite so delicate a character, especially for large beams. 
In the multiplying gear that has just been described, a 
lever ratio of 10 to 1 is found to work well for beams of 5 ft. 
span or upwards, but a larger ratio may with advantage be 
employed. 




Fig. 86. t 

For small beams a gear similar to that shown diagram- 
matically on Fig. 86 may be used. In this arrangement, 
A is a light frame carried by the specimen S itself, which 
it clips through two pairs of screws C C. At the centre of 

*See Secundo on Beams, Proc. Inst. C.E., Vol. XCVIII., p. 32 ; 
also Carpenter's ** Experimental Engineering," p. 115. 

t This is similar in principle to the instrument used by Professor 
Goodman at the Yorkshire College. 
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this frame is a plate D, upon which rests the end knife 
edge of a multiplying lever E ; the second knife edge of this 
lever is pressed upon by a stirrup F, attached to the centre 
of the beam, also by a pair of screws. These two sets of 
attachments must all be made on the neutral plane of the 
beam, and those which support the frame should be verti- 
cally above the supports of the beam. The end of the 
long arm of the lever forms a pointer which moves across 
the graduated scale G. Headings to one-thousandth of an 
inch can easily be obtained. A gear of this kind is 
exceedingly useful for deflection measurements of all small 
beams, and for the elastic deflections of cast-iron beams. 
The frame A should be pivoted to the gripping screws, C, 
at one end, and at the other simply rest upon the screws, 
so that the shortening of the distance C C during deflec- 
tion will not distort the frame and so cause errors. 

Each material used in the construction of beams has its 
own characteristic behaviour under stress. Cast iron 
invariably breaks, and the strains before failure are com- 
paratively small. Wrought iron and steel cannot as a rule 
be broken, but take a large amoimt of permanent set. 
Fracture does occur occasionally in steel beams when the 
metal is too hard. Timber fails by first crushing on the 
compression side, and then actual rupture takes place by 
the tearing apart of the fibres on the tension side. For the 
purpose of measuring the deflections on a large timber 
beam, a fine wire may be stretched tightly across between 
the two ends of the neutral axis, and measurements taken 
from this to the line denoting the neutral axis, which has 
been . previously marked upon the surface of the beam. 
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Fig. 87. 



This is shown on Fig. 87. The wire itself may be attached 
at one end to a nail driven into the beam and kept tight 
by being made to pass, at its other end, over a second nail 
or a small pulley, and carrying a weight. This method 
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was used by Barlow for measuring the deflections of metal 
beams, a fine steel wire being employed. 

105. Testing: of Cast-iron Beams. — The commercial test 
for the quality of cast iron is most frequently carried out 
upon a beam of rectangular section. This is more easily 
performed than a tension test, and yields more uniform and 
reliable results. The size of beam adopted for this pur- 
pose is most generally either a 1 in. square section, tested 
on a 1 ft. span ; or in some cases the span may be 3 ft. ; or 
the section is rectangular, 2 in. deep, 1 in. broad, upon a 
3 ft. span. The information required from the test is the 
breakmg load applied at the centre, the deflection at the 
centre when fracture takes place, and the nature of the 
surface of the fracture itself. 

The test may be carried out either in a testing machine, 
or by the application of dead loads. Of these the former 
is by far the more convenient, but deadweights may be 
used when a machine is not available. Several of the 
testing machine makers supply machines of small capacity, 
specially adapted for the tests of cast-iron beams. If 
the beam is of a 2 in. by 1 in. section on a 3 ft. span, the 
load is to be gradually applied, and the deflection measured, 
say, at every 500 lb. increment of load until fracture takes 
place. In connection with tests of this kind it is important, 
as affecting the result, to place the beam in the proper 



Et=^J^ 



Fig. 88. 

position in the machine. A beam is most often cast 
edgewise, the vertical section being slightly taper. It 
would at first sight appear that in order to obtain the 
higher result from the test, that edge which has the 
greater width should be placed so as to form the 
tension surface. This would be so if the metal were 
uniform, but it will most often be found that the better 
and stronger metal is at the lower or narrower edge, 
and the worst metal is to be found on the upper 
edge, and therefore this must be put in compression. 
Mr. Kirkaldy recommends that, in a commercial test of 
oast iron, three test pieces should be cast in one, so that the 
metal may be of a uniform character throughout. A com- 
bined bar of this kind is shown on Fig. 88. The casting 
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should be made with the pattern placed in the mould with 
the greatest depth vertical, and the bar in a horizontal 
position. After the casting has been taken out of the sand 
the separate pieces can be cut off, thus forming a beam for 
a bending test, a tension specimen, and a compression 
specimen. 

When a bar is tested under a cross-breaking stress the 
central load is to be gradually applied until fracture takes 
place by the tension side failing, and the beam breaking 
into two parts. At the same time as the load is being 
increased the deflections must be measured at frequent 
intervals, the readings being taken more frequently as the 
point of fracture is approached. These deflections may be 
most suitably measured directly from a light frame attached 
to the beam itself, as has been described. 

From the fact that it is unusual to get a number of 
castings of exactly the same dimensions, and still less 
frequently of the nominal dimensions, it is the common 
practice to ascertain the dimensions of the beam, and 
then to calculate the load which it would have taken to 
fracture a bar of the nominal dimensions. For instance, if 
the nominal dimensions of the beam are 2 in. deep and 1 in. 
wide, and the actual dimensions are found to be 2*04 in. deep 
and 0*98 in. wide, the result must be reduced to what 
it would have been if the dimensions had been 2 in. by 
1 in. This can be done by taking it that the strengtli 
varies directly as the width, and directly as the square of 
the depth. The reason for doing this is obviously m order 
to preserve uniformity and to help comparison. It is 
analogous to reducing the breaking loads on tension bars 
to so many pounds or tons per square inch. An example 
of a test of tnis kind is given so as to show the method 
•of working out the results. 

TEST OF A CAST-IRON BEAM. 
Orisrinal Dimensions. — Depth, 2*03 in. ; width 1*04 in. 



LOADS. 


DEFLECTIONS. 


Lb. 


In. 


500 


0-046 


1000 


0-095 


1500 


0-150 


2000 


0-200 


2500 


0-260 


3000 


0340 


3125 


0-360 breaking load 
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To find the '' equivalent breaking load " on the standard 
2 in. X 1 in. section. We know that 

(width) X (depth)^ 
span 

is proportional to the breaking load in the centre. Or, if 
Wi is the actual breaking load and W is the similar load 
for a 2 in. x 1 in. section and 36 in. span, then, 

1x22 

W^-86" 
Wi 6^ 

I 

where 6, d, and I are the width, depth,'^and span respec- 
tively of the broken beam. 

4 7 

Or W = Wi — 

^^' Hct^36' 

As the span I can generally be varied at will, and ia 
usually set to 3 ft., I may be taken = 36, and the equation 
reduces to 

Wi4 



W = 



hd^ 



In the above example, 

Wi= 31251b. 
h = 104 in. 
d = 2-03 in. 

So that, using these values, 

3125x4 



W = 



104 X (2 03)2 
= 2910 lb. 

= 26 cwt. 



The results thus obtained may be put on a report form 
somewhat as follows : — 

Report of Test of Cast-iron Beam. 



Number 


Sjjau. 
Inches. 


Dimensions. 


Central 
Breaking 

Load. 
Pounds. 

1 


Equiva- 
lent 
Breaking 

Load 

on 2" X 1" 

Section. 

Pounds. 


Maximum 
Deflec- 
tion. 
Inches. 


Equivalent 

Breaking 

Load. 

Cwt. 


of Test. 


Width. 
Inches. 


Depth. 
Inches. 


542 


36 


1-04 


2-03 


3,125 


2,910 


0-36 


26 



Fig. 89. — Diagram of Ratios of Actual Breaking Loads of Cast-iron Beams to 
Equivalent Breaking Loads on a 2 in. x 1 in. Section. 
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The measurements of the dimensions of the beam should 
be made at the actual point of fracture after the specimen 
has been broken. The nature of the fracture should be 
referred to in the report, and a statement made as to 
whether it is "fine-grained" or "coarse-grained," "sound'*" 
or otherwise. 

The deflection of a cast-iron beam of these dimensions- 
will be found to be roughly one-tenth of an inch for each 
1,000 lb. of load. 

The equivalent load on a 2 in. by 1 in. section may be mora 
readily obtained by making use of a table of multipliers, 
calculated for sections of various dimensions ; or by means^ 
of the accompanying diagram (Fig. 89.) The use of this 
diagram can be best explained by showing how it is applied 
to tne above case. 

Here the depth and width wejre respectively 2*03 in. 
and 1*04 in., and the actual .breaking load 3,1251b. 

To use the diagram, first look along the base line and 
find the vertical ordinate corresponding to 1*04 in. Then 
follow this ordinate upwards until it meets the one of the 
sloping lines corresponding to the depth. Then the height 
of this point, measured along the orainate to the vertical 
scale of the diagram, will give a number with which to- 
divide the load, in order to obtain the equivalent load. 

In the present case, this is 1*072. So that the equiva- 
lent breaking load on a 2 in. by 1 in. section is 

f^^ = 2,9101b., 

which is the same result as w^as obtained by the previous 
method. 

The test which has just been described is of the 
kind which is carried out for purely commercial pur- 
poses. A test of a similar cast-iron beam under more 
complete conditions, so as to provide detailed informa- 
tion as to the properties of the metal, will now be 
described. The span is supposed to be the same as before, 
and the section is again approximately 2 in. by 1 in. In 
the present instance, however, the increments of load are 
relatively small, and the deflections are measured at much 
more frecjuent intervals in order to determine the modulus, 
of elasticity with accuracy. In a case of this sort the 
deflections must be measured by means of a deflectometer, 
of the form i indicated on Fig. 86, page 176. The 
actual process of making this test is as follows : The beam,. 
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after being carefully measured, is placed in the machine 
with one of its narrow faces resting on the supports. The 
deflectometer is now fixed in place, care being taken that 
the points of attachment of the instrument coincide with 
the neutral surface of the beam, and that the two outer 
points are exactly over the points of support. When the 
pointer of the deflectometer has been set to the zero of its 
scale the test may proceed. In the case of a cast-iron beam 
of this size, it will be found convenient and sufficient to 
take deflection readings at increments of 50 lb. It will be 
seen, on referring to the table of figures, that readings are 
recorded at every 501b. up to 1,5001b., and after that at 
intervals of 200 lb. The meaning of this is that the read- 
ings at the small intervals were taken with the deflecto- 
meter. After this the instrument was removed, and direct 
measurements made with a steel rule from a frame like 
that shown on Fig. 83, page 174, or from the frame of 
the deflectometer itself. By thus removing the instrument 
before the point of fracture is nearly approached it is 
saved from any damage that it might suffer if the beam 
fractured when it was in place ; and, moreover, the 
readings obtained up to this point are quite sufficient 
for the purpose required. Great care should be taken that 
the second series of measurements are continuous with the 
first. 
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TEST OF A CAST-IRON BEAM. 

Depth 2-OOin. 

Width 1-03 in. 

Span 36 in. 



Loads. 
PouDds. 


Deflections. 
Inches. 


Remarks. 


50 


0-003 




100 


0-007 




150 


0-012 




200 


0-017 




250 


0-022 




300 


0-026 




350 


0-031 




400 


0-035 




450 


0-040 




500 


0-044 




550 


0-049 




600 


0-003 




650 


0-060 




700 


0-U65 




750 


0-089 




800 


0-073 




850 


0-078 




900 


0-0b2 




950 


()-0S7 




1,000 


0-092 




l,('f*0 


0-096 




1,100 


0-100 




1,150 


0-105 




1.200 


0-110 




1.250 


0-115 




).300 


0-120 




1,350 


0-125 




1,400 


0-130 


Deflectometer removed. 


1,600 


0-150 




1,800 


0-170 




2 000 


0-200 




2,200 


0-220 




• 2,400 


0-250 




2 600 


0-270 




2 800 


0-300 




3,000 




Broke at this point. 



These are the actual figures obtained during the test. 
It may be pointed out that it is always well to repeat the 
deflectometer readings two or three times to make sure 
of getting a sensibly uniform set. It will now be 
necessary to reduce the above figures, so as to get the 
average deflection. Taking the maximum possible intervals 
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of 700 lb., it will be found that the following differences 
will be obtained : — 

0-130 0-125 0-120 0-115 0*110 

0-065 0-060 0-053 • 0-049 0-044 



0-065 


0-065 


0-067 


0-066 


0-066 


0-105 
0:040 


0-100 
0-035 


0-096 
0-031 


0-092 
0-026 


0-087 
0-022 


0-065 


0-065 


0-065 


0-066 


0-065 



0-082 0-078 0-073 0-069 

0-017 0-012 0-007 0-003 



0-065 0-066 0-066 0-066 



Taking the average of these- 



0-065 
65 
67 
66 
66 
65 
65 
65 
66 
65 
65 
66 
66 

0-066 

14^0-918 



t)0- 



n A« ' « — / iiichee deflection per each 700 1 b 
u Ubob - ^ jQ^^ appUed at the centre. 

It has already been pointed out that the Modulus of 
Elasticity of a beam under the given conditions is 
expressed by the formula : — 

48 . 6 . 1 
Here, 

W = the central load, 700 lb. 
I = the span, 36 in. 

= the deflection corresponding to W, 0*0656 in. 
I = the moment of inertia. 
= (breadth) X (depth)^ 

12 
= 1-03 X (2)3 

12 
= 0-69. 
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Putting in all these values — 

■g ^ 700 X (36)« 

48 X 00656 X 0-69 
= 16,160,000 lb. per sq. in. 
= 6,750 tons per sq. in. 

By again making use of the diagram on Fig. 89, p. 181, 
the equivalent load on a 2 in. x 1 in. section can be 
found. 

W 

Equivalent breaking load = y^ 

_ 3,000 
"" 103 
= 2,9101b. 

It has been shown that the maximum stress in bending. 



f'-f 



M being the bending moment at the section in question, 
and Z being the '* modulus of the section," which in this 
case is 



Z = 



6 



For a beam loaded centrally and supported at the ends, 
the maximum bending moment 

4 

the symbols having the same meaning as before, so that 

Wl 6 



f.= 



4 ' b.d' 



Now, in the present instance, 

W = 3,000 lb. 

I = 36 in. 

b = 103 in. 

d = 200 in. 

Putting these values in the above expression, 

- 3,000 . 36 . 6 

/ 6 — 



4 103 . 4 
= 694,000 lb. per sq. in. 
or = 17*6 tons per sq. in. 



TEST OF A CAST-IRON BEAM. 187 

In order to compare the modulus, as obtained from the 
cross-breaking tests, with that obtained from direct tension, 
one of the broken halves of the beam may be put in the 
machine as a tension specimen, and treated in the usual 
way. Without giving all the figures in detail, it will be 
sufficient to quote the results obtained for such a test 
applied to the case in question. 

Here, 

area of the section = 2*00 x 1*03 

= 2-06 sq. in. 

Mean extension | ^ ^,^^^^ .^ 
per ton oi load J 

The elastic modulus 



E./-^ 



2240 10 



X -1— X 



206 ^ 1 ^ 00073 
= 14,900,000 lb. per sq. in. 
= 6,600 tons per sq. in. 

This result agrees fairly well with the modulus as obtained 
from the bending experiment. 

Care should be taken to discriminate clearly between 
the maximum stress in a bar of cast iron, as given by a test in 
direct tension, and the maximum stress as calculated from 
the breaking load in a cross-breaking test by the ordinary 
beam formula. For a beam of a perfectly elastic substance 
the beam formula does truly express the relation existing 
between the load, the dimensions, and the stress in those 
fibres furthest away from the neutral surface. But this ia 
true only so long as the beam does retain its elasticity, and 
as soon as the limit has been passed the formula no longer 
holds. In the case of cast-iron beams, the elastic state ceases 
to exist before actual rupture occurs, and the maxi- 
mum stress, as calculated from the breaking load by 
the beam formula, does not correspond to the maximum 
stress, as deduced from a direct-tension test. In fact, these 
two bear to one another no constant ratio, except that 
the bending stress is always greater than the tension stress,, 
and less than the compressive stress for the same metal. 
The precise relation between the two depends very largely 
upon the form of the cross-section. It is therefore wrong 
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to attempt to foretell the strength of a cast-iron beam 
simply from a knowledge of the tensile strength of the 
metal. 

On Fig. 90 is shown a complete load-strain diagram » 
plotted from the figures obtained in the above bending 
test. The actual plotted points are indicated as before by 



.03a 
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LOADS. 

Fig. 90.— Deflection Diagram for a Cast-iron Beam. 

the centres of small circles. It will be noticed that, up to 
A load of about 1,5001b., the points lie on a sensibly 
straight line, but, beyond this point the diagram curves 
upwards, as shown by its deviation from the dotted 
line. This upward curvature may be taken as indicating 
a departure from the truly elastic conditions. As a matter 
of fact, very careful experiments have shown that even at 
the lowest loads cast iron is not elastic in the strict mean- 
ing of the word. 

106. Testing of Wrought Iron and Steel Beams. — Beams 
of these metals may be tested in all sizes, so long as the 
necessary loads do not go beyond the capacity of the 
machine which is to be used for the purpose. Generally 
speaking, plain rectangular bars are not often tested as 
beams, the most usual forms being rolled joists, built-up 
beams, girders, and rails of various forms. The example 
that will be taken for the purpose of illustrating this part 
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of the subject is that of a steel rolled joist, 6 in. by 6 in. 
by ^ in. The span upon which this beam is tested is 5 ft.; 
that is to say, there are 5 clear feet between the points of 
the V supports, if such are used, or 5 ft. between the 
centres of the rotating supports, if these are employed. 
Frequently it is found that the specimen is slightly twisted 
or distorted, and when this is found to be so, it is necessary 
to place some thin packing between the beam and its 
supports, in the centre of its width, in order that the 
•reactions of the supports may come directly in the centre 
of the beam, and not, as is sometimes the case, upon one 
or other of the flanges. In cases where the section is not 
symmetrical about a vertical centre line; any extra packing 
that is required must be placed directly beneath the web. 

The load is usually applied at a point exactly midway 
between the two outer supports, and the point of applica- 
tion of this load is most frequently in the form of a V, 
This V should have its edge dull or rounded, as it will be 

I, i i ,1 






I 

I — I I — ' 



Fig. 91,— Buckton's Pressor Foot for Cross Bending Tests. 

Effective Span = L - a;. 

found that a sharp edge penetrates the metal and damages 
the flanges of the specimen. To obviate this, unless the 
V is made dull, a flat strip of steel about 1^ in. wide 
may be inserted between the V and the specimen. An 
ingenious way of overcoming this difficulty has been 
devised by Messrs. Buckton and applied to the machine used 
by Mr. Charnock at the Bradford Technical School. The 
principle of this is shown on Fig. 91. Here, instead of 
the load being applied at one point, a pair of rotating 
plates are employed similar to those used in some cases for 
the end supports. By this means the load is more evenly 
distributed, and the plates yield by rotation as the beam 
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Lends. In reckoning the length of span the distance 
between the centres of these two plates must be subtracted 
from the total length. 

Assuming that the specimen has been arranged in such 
a, way that the load will come upon it exactly in its centre, 
and that there will be no tendency for the beam to be 
twisted or distorted by the load, the next thing to be pro- 
vided for is the measurement of the deflections produced 
by the loads imposed. In the absence of a special instru- 
ment similar to the one used in the test of a cast-iron beam 
just described, the best arrangement that can be adopted 
IS that shown on. Figs. 84 and 85, page 175. It is 
€asy to construct and not costly, and at the same time may 
be relied upon to give readings sufiiciently accurate. In 
fixing this apparatus, care should be taken that, in the first 
place, the end of the short arm of the lever which comes 
into contact with the under side of the beam is applied 
beneath the exact centre of the web, and not under one of 
the flanges, as the curvature of the flanges may not be 
quite the same as that of the beam as a whole ; and, 
secondly, the bracket which carries the fulcrum of the 
multiplying lever should be rigidly and immovably fixed 
to the plate beneath the middle of the beam, and not 
allowed to come into contact with any object external to 
the testing machine. It will be found convenient to have 
the ratio of the multiplying lever so arranged as to be a 
whole number, such as 10 or 25. When this is so the 
scale of instrument can be formed of a steel rule divided 
into tenths and hundredths of an inch ; or a piece of 
squared paper may be used, but care must be taken that 
the divisions on the paper are accurately what they are 
represented to be. 

When the specimen has been fixed in the machine and 
the deflectometer attached, its pointer may be set to zero 
by means of the adjusting screw, and the test proceeded 
with, the increment of load employed being selected to 
suit the case in question. In the present example, read- 
ings were taken at every ton of load. The elastic readings 
may be kept well within the limit, or they may be carried 
just beyond this point, until a definite permanent set has 
taken place ; or, again, the load may be increased until the 
maximum load which the beam will carry has been 
reached. In the present instance the second of these plans 
was adopted. The following is a record of the complete test. 
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liENDING TEST OF A STEEL JOIST. 

Depth 6in. 

Breadth 6 in. 

Thickness |in. 

Span 5 ft. 

Moment of inertia of the section, 55*9. 



Loads in Centre. 
Tons. 


Deflections. 
Inches. 


Remarks. 


1 


0-006 




2 


0-013 




3 


0-020 




4 


0-027 




6 


0-034 




6 


0-040 




7 


0-046 




8 


0-052 




9 


0-058 




10 


0-065 




11 


0-071 




12 


0-077 




13 


0*084 




14 


0-090 




15 


0-096 




16 


0-102 




17 


0-110 




18 


0-117 




19 


0-126 




20 


0-139 




21 


0-151 




22 


0-167 




23 


0-188 




24 


0-216 




25 


0-256 




26 


0-309 




27 


0-371 




28 


0-449 




29 


0-547 




30 


0-662 





From these observed results, the elastic modulus for 
the material can be calculated. 

It will be remembered that the Modulus of Elasticity, 



E = 



48.5.1 



First, to find the deflection 5 corresponding to a 
central load W. From the above figures it will be seen that 
the increments of deflection are sensibly uniform up to a 
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load of about 16 or 17 tons. So that, taking the readings 
up to that point, and taking the diflferences as before, the 
following results are obtained : 

0-102 0096 0090 0084 0*077 

0-062 0-046 040 0*034 0-027 



0-050 0050 0050 0*050 050 

0071 0-065 0058 

0-020 0-013 0-006 



0-051 0-052 0052 



Taking the mean of these- 



0-050 
0-050 
0-050 
0-050 
0-050 
0-051 
0-052 
0-052 

8)0-405 



{" 



0-0'06-f ^^^^®^ = average deflection per 
"* 8 tons increment of load. 



For a section such as the one in question, which is not 
perfectl)^ uniform, the best way to obtain the Moment of 
Inertia is by the graphic method, but here it will be 
sufficient to make use of the following approximate 
formula : — 

12 

Here B = 6 in. 
H = 6„ 

6 = 5 „ 
A = 5 „ 
the thickness being J in. 

So that, -r __ (6)^ - (5)^ 

12 

__ 1296 - 626 _ .. Q 

The values of the symbols in the formula are therefore — 

W = 8 X 2,240 = 17,920 lb. 
I = 60 in. 
S = 00506 in. 
and I = 55*9. 
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Therefore— 
E = 



17920 X 216000 



48 X 00506 X 55-9 
= 28,600,000 lb. per square inch, 
or, = 12,750 tons per square inch. 

The load at which the elastic limit occurs is not so easy to 
determine in the case of a bending test as in simple ten- 
sion. In a tension test the stress is uniform over the whole 
section, and, as soon as the stress gets beyond the limit, 
the increased increment of strain is easily recognised ; but 
in a beam the stress is variable over the section, being 
greatest in those fibres farthest from the neutral plane. So 
that when the limit is reached it is only in those fibres 
which are subjected to the maximum stress, while the 
greater part of the section is still under stresses which are 
accompanied by elastic strains. The limit effect, therefore, 
only takes place very gradually, beginning at the outer 
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Fig. 92. 

fibres and slowly penetrating inwards towards the neutral 
plane, and there may be a considerable interval in the 
loading between the point when the outer layers are 
stretched beyond the elastic limit and the time when the 
whole section is brought to this state. The gradual nature 
of the appearance of the limit will be appreciated by an 
inspection of the diagram on Fig. 92, which has been plotted 
from the figures given above. 

By placing a straight-edge along the elastic portion of 
this curve it will be seen that it begins to curve away from 
the straight at a load of about 18 tons, and that point may 
o2 
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be taken as the elastic limit. The stress at which this 
occurs may be found in the usual way as follows : — 
Here, 

Where the symbols have the following meanings : 

M = the bending moment at the centre, when the limit 
occurs. 

_ w.r 

4 

f = the corresponding stress. 
I = the moment of inertia, 

= 55*9, as before. 
Y = the distance from the extreme layers to 
the neutral surface, 

= 3 in. 



So that, 



. . W,l Y 

f= -4r T 



18 X 60 X 3 



"" 4 X 559 

= 14*5 tons per square inch 

The value of the stress /, obtained above, is, as nearly as 
can be determined, the stress on those fibres of the beam 
which are first strained beyond the elastic limit. 

The loads may be carried beyond this point until 
one is reached which the beam is no longer able to sup- 
port, when the test is at its natural end. When this maxi- 
mum load is approached the deflection of the beam as a 
Avhole is often accompanied by a crippling of the flanges, 
and sometimes of the web. 

It is only up to the elastic limit that the conditions' 
represented by the ordinary beam formula obtain. The 
assumptions upon which the formula is based cease to be 
true after the elastic limit has been passed. 

The transverse loads applied to a beam produce not 
only deflections due to the bending stresses, but deflections 
produced by the shearing stresses which exist on planes 
perpendicular to the neutral surface.* In the case of 
beams of large span and small depth this shearing strain 
is small, and may be neglected; but where the span is 

*This point is discussed in Johnson's ** Materials of Construc- 
tion," p. 66. 
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small relatively to the depth it becomes of considerable 
importance, and must be taken into account. In order to 
avoid the complication due to this cause, it is best to 
make the span as large as possible. For rectangular beams 
the ratio of depth to span should not be less than one to 
ten, and may with advantage be one to twenty. For girder 
sections the span should be greater than this. 

107. Testing: of Timber Beams. — The most useful way of 
testing specimens of timber is in the form of beams 
supported at the ends, and loaded in the middle in a 
similar way to those which have been mentioned. Timber 
beam specimens may be of greatly varying sizes, from 
large full-sized beams, on spans of 15 ft., to small speci- 
mens 2 in. deep, 1 in. wide, and tested on a 36 in. span. 

b d^ 
For a perfectly homogeneous material ' may be taken 

to be a sensibly constant quantity, and small beams yield 
results just as reliable as those oi* larger ones. But timber 
is not a homogeneous material, and, owing to the fact that 
the grain is large relatively to the dimensions of a speci- 
men, small pieces may yield results very different from large 
pieces of the same kind of wood. For this reason it is not 
advisable to employ pieces for testing purposes smaller 
than those last mentioned. If a commercial test is to be 
made on some one kind of wood a good many specimens 
should be tested, and an average taken, because no two 
pieces obtained from the same tree are quite alike. 

The results aimed at in a commercial test of this kind 
are the central breaking load, and the deflection, either at 
the maximum load or at a certain specified load. It is not 

»h d? 
unusual to calculate the value of ^— for the specimen in 

question, so as to provide a means of comparison with 
beams of other dimensions, but of the same material. This 
is also done in the case of some of the metals. For instance, 
in the case of the cast-iron beam whose test has been given 
above this value is as follows : — 

6. (£2 _ 1-03 X (2)2 _ 1 



W.f 3000 X 36 26,200* 

This serves as a convenient way of comparing specimens 
of different dimensions. 
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It is not usual to measure the elastic deflections of 
timber beams with instruments of precision so as to 
ascertain the elastic modulus, but this may be done 
in some cases. A beam treated in this way will be 
found to possess a definite modulus, although there is con- 
siderable variation in its value, even in specimens of what 
is apparently the same material. 

Some care is required in carrying out timber tests. 
Sharp knife edges should not be used, and where the 
testing machine is provided with supports of this kind, 
small steel plates must be inserted between the specimen 
and the knife edges, so as to distribute the pressure and 
prevent the edges penetrating the wood. 



Chapter VI. 

TESTING 0FEUATI01^S—( Continued.) 
TWISTING OR TORSION TESTS. 

io8. Rotating shafts are subjected to twisting or 
torsional loads, producing shearing stresses on planes at 
right angles to the axes of the shafts, acting in a rotary 
direction round these axes. The metals chiefly used for 
this purpose are iron and steel, and it is customary to 
subject small specimens of these metals to torsional stresses 
in testing machines, similar to those they may be expected 
to have to withstand when forming the actual parts of 
machinery. Measurements and observations made on 
specimens tested in this way yield more reliable informa- 
tion as to the behaviour of the metal in question than 
do tests in direct shear. 

In addition to simple torsion, many shafts are subject 
to combined bending and torsion, as in the case of the 
crankshaft of an engine. There are few instances of cases 
where test pieces have been subjected to these combined 
stresses, and these have only been tests to destruction, 
where no attempt has been made to measure the elastic 
strains. The reason for this is that, though not insuper- 
able, the difiiculties of strain measurement are great in the 
case of combined bending and torsion. 

The theory of simple torsion has already been con- 
sidered, and a definite relation found to exist between the 
twisting moment on a circular shaft, the shearing stress at 
the outer surface, the dimepsions of the shaft, and the 
modulus of transverse elasticity, G. There is also a rela- 
tion found between the twisting moment, the dimensions, 
the angle of twist, and the modulus of transverse elas- 
ticity. In testing a shaft or torsion specimen it is possible 
to hold it in such a way that a moment of known magni- 
tude is imposed, and at the same time the angle of twist 
or strain arising from this moment can be measured. In 
some of the rougher commercial tests it is not usual to 
measure the angular deflection, but simply the moment 
which is required to produce fracture. 
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Owing to the fact that shafts of circular section are by 
far the most commonly used this form is almost always 
employed for torsion specimens. The specimens should be 
turned, and provided Avith enlarged ends for holding pur- 
poses. 

109. Torsional Testing: Machines. — The conditions 
which must obtain in a test under a torsional stress, and 
the functions to be performed by the machine, are as 
follow : Imagine a truly circular bar of the metal to be 
tested. Then, in order that the test may be properly 
carried out : — 

(a) One end of the bar must be rigidly held, and, at 
the same time, a twisting moment in the form of a couple 
applied at the other end, this couple acting in a plane at 
rignt angles to the axis of the bar. 

(6) The usual manner of imposing the moment is by 
having a weight acting at the end of a single arm rigidly 
attached to one end of the bar, bending being prevented 
by having the enlarged end rotating in a long bearing. 

(c) When the twisting moment is applied in the manner 
described, any strain which takes place causes the arm at 
which the load is applied to sink from its horizontal posi- 
tion, and, in order that this horizontal position may be at 
all times maintained, it is necessary to have some means of 
taking up the twisting strain. 

(d) The shaft must be so held as to be free to vary its 
length, that is, one end must be free to move with respect 
to the other in the direction of its length. 

(e) There must be no possibility of a distortion taking 
place in any way except in a rotary direction round the 
axis of the bar. 

It is difficult to fully carry out all these conditions, and 
most existing machines have some defects. The general 
plan of most torsional testing machines is much the same, 
find is somewhat as follows : — 

(a) The twisting moment is usually applied by means 
of a horizontal beam, provided with a jockey-weight, much 
in the same way as m an ordinary tension machine ; in 
fact, some few machines are used for both torsion and 
tension tests. The bar to be tested is attached to the 
beam in such a way that its axis coincides with the axis 
of the knife-edge of the beam. The beam is provided 
with a hole into which the end of the test bar fits, not too 
tightly, and is held in place by keys or other grips. 
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(6) If the beam is initially floating horizontally, as the 
jockey-weight is moved outwards, the twisting moment on 
the bar is increased. The bar consequently twists or takes 
a torsional strain and the beam sinks from its horizontal 
position. The end of the bar remote from the beam must 
be held so as to be rotated at the will of the operator. 
This is generally accomplished by having the end of the 
bar fixed in the axis of a worm wheel, which can be rotated 
either by hand or power. The centre of the worm wheel 
is bored out so as to receive the end of the bar, which is 
prevented from rotating by keys. 

In individual machines the details are varied somewhat 
but the general arrangement is the same in nearly all cases. 
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Fig. 93.--Kennedy'8 Original Torsion Machine. 

I ID. Professor Kennedy's Torsional Testing Machine. — 

On Fig. 93 is represented in plan the arrangement 
adopted in Professor Kennedy's original torsional testing 
machine, and which forms the basis of most modern 
torsion machines. The view is diagrammatic. The speci- 
men is marked S, and consists of a circular bar of the 
material to be tested, with turned ends. The end nearest 
the top of the page is made to fit easily into the boss of 
the worm-wheel marked A. The other end fits in a 
similar way into the boss of the steelyard B, the axis of 
the hole into which it fits coinciding with the line of the 
knife-edge about which the steelyard rotates. In order 
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that the ends of the bar may be free to move endwise 
these ends are gripped by two clutches or dogs, which 
themselves rest against pins in the worm-wheel and the 
beam respectively. 

The twisting moment is put upon the specimen by the 
travelling weight W, the magnitude of this moment being 



Fig. 94.— Buckton-Wickatoed Torsional Testing Mafhioe. 

the product of this weight, and the distance it has moved 
outwards from its position of equilibrium. The twist of 
the bar is taken up, and the beam kept floating horizontally, 
by means of the worm-wheel A, which is rotated by turning 
the hand wheel H, this being keyed on to the shaft carrying 
the worm which gears into tne wheel. 

Professor Kennedy* states that this machine is capable 

•MIn. Proc, Inst. C.E., Vol. IxxxvUi., p, 39. 
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of exerting a maximum twisting moment of 4,000 inch- 
pounds, it is, therefore, suitable for testing specimens of 
mild steel up to about f in. diameter. 

III. Buckton- Wicksteed Torsional Testing: Machine. — 

This machine, which is shown on Fig. 94, is similar in its 
general arrangement to the one which has just been des- 
cribed. One end of the specimen to be tested is held in the 
boss of the worm wheel, which is rotated by hand ; the other 
end is attached to the beam of the machine. This beam 
rests upon a knife edge in the ordinary way, and carries a 
poise-weight, which will be seen hanging from the beam. 
The weight is moved along the beam by means of a screw, 
rotated by the small hand wheel shown in the photograph. 
In order that the movement of the beam may be 
unrestricted, the shaft which is used to communicate the 
motion to the jockey-weight screw, is connected with the 
hand-wheel shaft through a Hooke's coupling. The large 
weight, which is seen hanging from the short arm of the 
beam at the end of a long rod, is simply an adjustable 
weight used to balance the long end of the beam and the 
poise-weight in its initial position. The poise-weight 
consists of a number of loose discs hung on a vertical rod. 
By this arrangement the weight can be made variable 
within certain limits. 

To the poise-weight carriage is attached a vernier, 
which slides along a scale fixed to the beam, and in this 
way indicates the number of inches and the fraction of an 
inch which the weight, whose magnitude is known, has 
moved from its zero position. In order that specimens of 
dilBFerent lengths may be tested in this machine, and that a 
specimen which is being tested may be free to vary its 
length to a small extent, the boss of the worm wheel con- 
sists of two parts, the boss itself and an inner sleeve, thus 
making the boss telescopic. The sleeve is free to move 
longitudinally in the boss, but is prevented from rotating 
with respect to it by a pair of feather keys. Two smaller 
sleeves are made use ot to form the connection between 
the specimen and the larger sleeve, at one end, and the 
beam at the other. 

An apparatus for taking an automatic record of the 
test is attached to the front of the beam. The diagram is 
drawn upon a sheet of paper attached to a brass disc. 
When the poise-weight is in its zero position, that is, 
when there is no moment on the specimen, the recording 
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pencil is at the centre of the disc. As the weight 
moves and the moment on the shaft is increased, 
the pencil is caused to move outwards in a radial direction, 
by means of a reducing mechanism, a distance proportional 
to, but less than, the distance traversed by the weight itself. 
The increase of twisting moment is accompanied by a 
torsional strain consisting of a rotation of the end of the 
specimen attached to the worm wheel with respect to the 
other end. The strain is recorded on the diagram by a 
rotation of the disc through the same angle as the shaft 
has been twisted through. This rotation is effected through 
a train of mechanism consisting of four equal spur wheels 
and a small counter shaft, connecting the worm wheel and 
the disc, it being assumed that the worm wheel rotates 
through exactly the same angle as the end of the shaft. 
There is an error here, but it may be considered negligible 
for the purpose for which the autographic diagram is to be 
used. 

This particular machine will break in torsion circular 
steel shafts up to f in. diameter. 

For machines of this type, the specimen shafts are 
prepared with enlarged ends, as shown on Fig. 95. These 
enlarged ends are provided with pairs of keyways corres- 
ponding to the feather keys in the holders. 
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Fig. 95.— Wicksteed's Torsion Test Bar. 

1 12. Torsion Attachments to Tension Testing Machines. 

On Fig. 26 is shown a photographic view of a small tension 
testing machine made by Messrs. Buckton, and it will be 
seen that there is a torsion arrangement very similar 
to one last described. The existence of this attachment 
does not in any way interfere with the use of the machine 
for tension purposes, but it is always there to be used 
when required. 

Similar arrangements for torsional testing have recently 
been attached to some of the larger machines by the same 
makers. Among these may be mentioned the torsion attach- 
ment applied to the 100-ton tension machine at the Brad- 
ford Technical School. This is capable of taking specimens 
up to 2 in. in diameter and 12 in. long on the measured 
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portion, under a maximum twisting moment of 120,000 
inch-pounds. 

On Fig. 35, p. 86, will be seen the large worm wheel 
used for the torsion tests on Professor Elliot's machine, 
on the side of the lever remote from the observer. 

113. Messrs. Greenwood and Batley's Torsion 
Gear. — The machine illustrated on Fig. 30. p. 78, is 
in some cases provided (in addition to the appliances 
for testing in tension, compression, and bending) 
with additional gear to be used for carrying out 
torsional tests. On referring to this illustration, it will be 
noticed that there are two holes through the main bed of 
the machine. These form bearings wherein turn a pair of 
flanged wheels, these wheels carrying sockets in their 
centres for holding the two outer ends of a torsion 
specimen. Each of these wheels is provided with a chain 
attached to its rim and passing from the wheel horizontally 
and linked to the movable crosshead of the machine. By 
means of this piece of apparatus the outer ends of the 
apparatus are rotated together and the strain taken up. 
The middle portion of the specimen between the wheels 
is taken hold of by the lower end of a short vertical lever, 
the upper end of which is connected through a horizontal 
link with the system of weighing levers. The pull on the 
end of the twisting lever, and, therefore, the moment on 
the specimen, is measured in this way, the strain being 
taken up by moving the sliding crosshead outwards along 
the bed of the machine. The specimens tested in this 
machine are of necessity short. 

The holes through the centres of the chain wheels are 
square in shape to receive the ends of the specimens, and 
they are also fitted with square dies having smaller square 
holes to receive specimens of smaller size. 

114. Deeley Torsion Machine.*^ — This machine, invented 
by Mr. R. M. Deeley, is in use at the Midland Locomo- 
tive Works, at Derby, and possesses some novel features 
which are worth noticing. Three views of the machine 
are show^n in the accompanying illustrations (Figs. 96, 97, 
and 98), an end elevation, a section, and a side elevation. 
In this machine, as before, one end of the specimen is held 
in the boss of a worm-wheel C, while the other is secured 

* Proceediogs Institution of Mechanical Engineers, October, 1898. 

Mr, Peet's paper. 
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to the boss of a lever L. The test-bar is marked A. 
The specimens used are comparatively short ones. 
The great difference between this and the other torsion 
machines is in the arrangement of the measuring lever. 
Here, instead of having the lever resting on the knife edge, 
as is the usual practice, the hollow centre, which holds one 
end of the test bar and forms part of the lever, is held in 
position by what is in effect an elastic frictionless support. 
This consists of the three steel plates marked K on the 
side elevation above, attached to three corners of a triangular 
frame which is bolted to the bed plate. By holding the 
centre in this way, the lever is allowed to rotate through a 
very small angle, and be at the same time supported in 
position. The centre, which carries the other end of the 
test piece, instead of being rigidly attached to the worm 
wheel, is connected with it through three links, which are 
attached to the ends of a three-armed lever forming part of 
the centre, being rigidly keyed to it. This arrangement 
allows the necessary end play of the specimen. 

The manner of measuring the twisting moment is 
rather unusual. Instead of having a moving jockey- 
weight, and estimating the moment as the product of 
this weight into its distance from its zero position, the 
moment is measured at a constant arm, and by means 
of a spring, as in a steam-engine indicator. This will be 
clearly seen in the illustration. The end of the lever 
presses upon a vertical rod which is attached to the lower 
end of a spring of known strength, and as the twist is put 
upon the test bar by means of the worm wheel, the outer 
end of the lever is pressed downwards and the spring is 
slightly extended, the actual amount of the strain 
being proportional to the downward force exerted by 
the lever end. The extent of the strain of the spring, and 
therefore of the twisting moment also, is indicated by the 
movement of a rotating pointer on the dial shown. The 
gauge is directly graduated by attaching a balanced lever 
to the elastic centre, and loading it to the moments 
required. The indications given are marked upon the dial, 
which is graduated so as to give the load in tons acting 
at an arm equal to the radius of the test bar used, 0*399 of 
an inch. This value can be reduced to any other terms as 
may be wished. The standard size of test bar used in this 
machine is shown on Fig. 99, the diameter being arranged 
to give a cross section oi one-half a square inch. 

An autographic diagram may be drawn by means of the 
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Crosby indicator, shown in the illustration. When an 
autographic diagram is to be taken the lever is so arranged 
that it compresses the spring of the indicator as it descends, 
the amount of the compression being proportional to the 
moment on the bar. Tnis is accompanied by a movement 




Jk 



Fig. 99. — Deeley's Torsion Test Piece. 

of the pencil, which is of necessity also proportional to the 
moment. The horizontal motion of the paper drum is 
effected by a cord connection with the centre, which holds 
the worm-wheel end of the specimen, and the horizontal 
movement of the paper is proportional to the angular 
twist of the specimen. 

115. Riehle Bros. Torsional TesHng: Machine. — Messrs. 
Riehl^ Bros., of Philadelphia, make a torsion testing machine 
of large power, which has some novel details worth con- 
sidering. The machine consists essentially of two head- 
stocks, which serve to carry the centres in which the ends of 
the test specimen are held. One of these, carrying the centre 
at which the moment on the bar is measured, is fixed upon 
the bedplate of the machine, while the other one, carrying 
the worm-wheel, is capable of being moved along the bed, 
so that the length of the specimen can be varied. This 
longitudinal movement is enected by means of a rack and 
pinion. The twisting moment is determined by having 
two arms instead of one in the more usual arrangement. 
These two arms project from the grip-head horizontally on 
opposite sides, and, by means of an equalising lever below 
the centre, two equal moments are imposed on opposite 
sides of the centre. The end of this lever is linked to the 
knife-edge at the end of the short arm of a second 
horizontal lever. The end of this again is connected by a 
vertical link to the short arm of the third lever. This 
third lever carries the jockey- weight, whose position on 
the lever serves to indicate the twisting moment on the 
specimen. So that, in this machine, the moment is applied 
through a system of three levers instead of one, makin<T 
the actual weights to be dealt with much smaller, ana 
rendering the manipulation of the machine easier. The 
graduations on the weighing lever are so arranged that the 



208 RIEHLE TORSION MACHINE. 

moment is recorded in foot-pounds directly without any 
calculation. The specimens used in this machine are made 
with square ends, and are held in a self-centering grip. 

The twist is put upon the specimen through a power- 
driven speed cone working on to a train of gearing. 
Specimens up to li in. diameter and 20 in. long can be 
tested in this machine. The longitudinal movement of 
the loose headstock is up to 12 in. There is a graduated 
circular scale attached to the loose headstock by means of 
which the angle twisted through by the specimen under 
test is indicated. 

The accompanying illustration, Fig. 100, represents an 
improved form oi torsion machine made by Messrs. 
Iliehle. This machine is capable of applying a twisting 
moment of 250,000 inch-pounds. The power is applied 
through a system of compound levers, and the end of 
specimen at which the twisting moment is applied is held 
in a set of toggle grips, supported by a parallel system of 
levers, which arrangement completely neutralises any 
stress except that exerted by the specimen. Specimens 
up to 10 ft. long can be tested in this machine. 

ii6. Observations on Torsional Testing Machines. — 

From the above descriptions it will be gathered that there is 
considerable variety in the arrangement of torsional testing 
machines. Many of the details are defective. In 
all probability the best arrangement for the measure- 
ment of the twisting moment is that of a simple 
lever carrying a constant load whose position 
can be varied. This is the most convenient method, 
besides being more accurate than using a constant arm 
and spring instead of a deadweight. Whatever the magni- 
tude of the jockey weight it can be perfectly balanced in 
its zero position by means of a counter-weight, its move- 
ment along the arm can be measured with a great degree 
of accuracy, and the weight itself, when once it is stan- 
dardised, remains practically invariable. A spring, such 
as the one that would be used to take the place of a dead- 
weight, besides depending for its readings on a previous 
calibration with known weights, may possibly become 
aflected by constant use, and the value of its readings 
changed ; and, if this does happen, there is nothing to 
indicate that an error has arisen. A compound lever 
arrangement, such as the one used on the Kiehl^ machine, 
makes it possible to use small weights and renders the 
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manipulation easier, and this is especially true of large 
specimens, but it lacks the most important desideratum — 
jsimplicity. Any multiplication of parts only adds to the 
possibilities of error, and makes such errors as do exist 
more difficult to detect. 

The method of supporting the specimen in Deeley's 
machine appears to be good, both in the provision made for 
Allowing a longitudinal variation in the specimen, and in 
the frictionless support at the lever end. Of course this 
latter arrangement only admits of a very limited angular 
movement of the lever, and makes very delicate handling 
necessary if a weight is used in place of the spring. 

117. The Measurement of Torsional Strains. — Some of 
the principles which should be observed in taking measure- 
ments of the longitudinal strains of test bars in tension are 
equally applicable to the measurement of torsional strains. 
In the first place, the measuring apparatus should, if possible, 
be attached to, and carried by, the bar itself, so that the actual 
relative rotation of one cross-section of the bar with respect 
to some other, may be measured. The observation of this 
rule is absolutely necessary when only the elastic strains are 
to be determined. In some torsion machines the plan is 
adopted of observing the relative movement of the parts of 
the machine which hold the two ends, and, assuming this 
to be the same as the twist of the shaft itself ; this cannot 
be done without introducing an error, because the 
mechanism of the machine and the holding bushes and 
keys must undergo a certain amount of deformation them- 
selves, and this is, of course, registered as a strain of the 
specimen. If the worm wheel and its fittings are of heavy 
design, and accurately made, and care is taken that all 
backlash is eliminated before any observations are made, 
the error due to the deformation of the machine will be 
small compared with the strain of the specimen itself. 

For strains beyond the limit and for the rougher kind 
of tests this method of strain measurement may be safely 
employed, but for elastic strains it is desirable to take the 
measurement from the shaft itself, and not from any piece 
of the machine to which it may be attached. 

The author* has made use of the above method in 
making a series of tests of solid and hollow shafts of the 

"* Popple well and Coker on Shafts. Proceedings of Institution of Civil 

Engineers, vol. cxxil. 

p2 
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same nomJual strength. The errors caused by the deforma- 
tion of the machine were found to be extremely small. The 
machine used in these tests was one of Mr. Wicksteed's 
small torsion machines similar to that shown in Fig. 94. 
Here the handwheel used for rotating the worm was 
divided into 24i equal arcs, each equivalent to 10 
minutes, as the worm wheel had 90 teeth. 




The simplest piece of apparatus for measuring torsional 
strains directly is an arrangement similar to that indicated 
by the digram on Fig. 101. Here S is the specimen 
wnich is being twisted, and whose angle of twist it 
is required to measure. This measurement is made 
on a certain definite length of the parallel part 
of the bar E F. A graduated disc or sector A 
is fixed to one end of this length, and a radial pointer B 
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to the other, and, as the shaft twists under the stress 
imposed, these two move with respect to one another ; that 
is to say, the pointer moves over the graduated arc and 
traces out the angle of twist. The larger the diameter of 
the Graduated circle, of course, the more precise will be the 
readings which it is possible to obtain. Suppose that the 
smallest linear measurement which can be conveniently 
read by direct means to be TOffth of an inch, and the radius 
of the pointer to be 20 in.; this one-hundredth of an inch 
at the circumference corresponds to an angle of 003 of a 
degree. 



In their experiments on the torsional strength of shafts, 
Messrs. Piatt and Hayward made use of beams of light 
reflected from two mirrors, instead of material arms. 
Unfortunately the details of the apparatus employed are 
not given in the paper describing the experiments." 

1 18. Coker's Instruments for Measuring Small Torsional 
Strains. — Two instruments of greater delicacy than those 
described have been designed by Mr. Coker, of Mc.GiU 
University. 

The former of these is shown on Fig. 102. The shaft 
'Pioceedings of Institution Civil Engineers, vol, sc 
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whose torsional strains are to be measured is marked S. 
On one end of the length to be measured is attached the 
graduated circle A, through a chuck plate B, which is 
itself attached to the specimen by means of the three 
centering screws adjustable by band. At the other end of 
the measuring portion is attached the arm E, which works 
on a swivel joint carried by the ring C. This ring has also 
adjusting screws with which to fix it to the shaft. The arm 
E terminates in a contact ball F, which can be brought into 
contact with the end of the micrometer screw H, which is 
mounted on a vernier plate J. This can be clamped in 
any position on the graduated circle, the fine adjustment 



Fig. 103. — Coker's Microscope Toralooal Me&anring Instrument. 

heing made ivith the tangent screw N. A eel! and galva- 
nometer, M and L, are joined in circuit through the Imr, so 
that when the ball F is in contact with the screw H the 
-circuit is completed, and the galvanometer needle is 
■deflected. 

The instrument is used in the following way : The 
contacting pieces being supposed to be touching, a twisting 
moment applied to the bar will separate these pieces, and 
the circuit be broken. The micrometer screw must now 
'be advanced until the circuit is again completed, as shown 
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by the deflection of the needle. The number of divisions 
through which the screw has been turned affords a measure 
of the angular twist of the bar. The actual value of the 
angle corresponding to a division of the micrometer screw 
is determined in the first place by means of the graduations 
on the circle and the vernier. It will be noticed that, as 
the micrometer screw moves tangentially,its readings are not 
strictly proportional to the angles, but to the tangents of 
these angles ; but for small angles the errors involved are very 
small, and may be neglected as compared with the quantities 
under measurement. In the case of the particular instru- 
ment described by Mr. Coker, the mean of the calibration 
tests gave 18*6 divisions of the micrometer screw as 
corresponding to one minute of arc, or, in other words, 
one division of the micrometer screw is equivalent to about 
one-thousandth of a degree. It will be seen that the 
accuracy of the readings is dependent upon the accuracy 
of the making and calibration of the micrometer screw. 

A second instrument of greater precision is shown on 
Fig. 103. Here the micrometer screw and electrical 
apparatus are replaced by a reading microscope, which is 
made use of much in the same way as the one m Professor 
Ewing's extensometer (see p. 118 ante). As in the last 
instrument, one end of the measured portion of the bar 
carries a graduated circle, whose attachment is made 
through a self-centering chuck of somewhat novel form, 
by means of which the centre of the graduated circle is 
made to automatically coincide with the centre of the test- 
bar. In this instrument the graduated circle is at A, the 
chuck B, the vernier plate N carrying a radial arm O, 
from which projects an arm carrying the wire P upon 
which the readings are taken. 

At the other end of the bar is attached an arm S, by 
means of three centering screws ; and, at the extremity of 
this arm is carried a reading microscope, K, by means of 
which the readings are taken. For convenience in read- 
ing, the eye-piece of this microscope is placed at right 
angles to the main tube, and a right-anglea prism is inter- 
posed between the objective and the eye-piece. A 
graduated glass scale is placed in the focus of the eye- 
piece. The calibration oi the instrument is effected by 
moving the wire upon which the readings are taken 
through a definite angle of ten minutes, and noting the 
equivalent reading of the micrometer eye-piece. In the 
particular instrument described by Mr. Coker it was found 
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that the calibration test ga.ve 36 divisions of the scale as 
corresponding to one minute of arc. An^lar displacements 
of one second of arc can be measured with this instrument. 
On Fig. 104 is shown a most important attachment to 
this instrument. This is the clamp used when putting the 
instrument on the test bar. Its object is to fix the apparatus 
on the bar with its plane accurately perpendicular to the 
axis of the bar, and its centre coinciding with the axis. 
This clamp consists of a pair of divided collars, the halves 
of which are pivoted together and secured by nuts. The 



Fig. 104. -Piling Clamp, 

collars are wedge-shaped in radial section to engage with 
corresponding wedge-angled grooves upon the chuck plate 
and cylinder. The lower halves of the divided collars are 
connected by one or more distance pieces. When using 
the clamp, the two parts of the instrument are clamped 
together and so held rigidly in the proper position, and 
then the test bar is inserted and the gripping screws 
tightened, when the clamp may be removed, leaving the 
two main pieces accurately spaced on the bar, while the 
graduated circle remains perpendicular thereto, and very 
approximately centred.* 

1 19. Example of a Complete Test of a Mild 5teel Bar in 
Torsion. — The following is an example of a test under 
torsional stress carried out on a turned bar of mild steel. 
This bar was made with enlarged ends, and fitted with 
keys, by means of which it was held in a torsion machine of 
the kind illustrated on Fig. 94. After carefully measuring 
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the diameter of the bar with a vernier callipsr, it was placed 
in the machine and the beam balanced with the poise 
weight set to zero. The instrument used for measuring 
the angular deflections was next fixed in its place on the 
bar, the distance between the two halves being 8 in., this 
constituting the portion of the bar whose strains were 
measured. When the test was begun, the pointer of the 
measuring instrument was set to zero, and the twisting 
moment on the bar varied by increments of 25 inch-poun(£ 
up to the elastic limit, and increments of 50 inch-pounds 
beyond this point. The position of a known point on a hand 
wheel was also noted at the start, so that, by counting its 
revolutions and parts of a revolution, it was possible to 
measure the angles of twist beyond the elastic limit. 
Below is a table of the actual readings taken : — 

Record of Torsion Test on Mild Steel Bar. 
Diameter of Bar, 0*472 in. ; Length of Measured Portion, 8 in. 



Twisting Moment. 


Angle of Twist. 


Twisting Moment. 


Angle of Twist. 


Inch-pounds. 


Degrees. 


Inch-pounds. 


Degrees. 


50 


0-30 


500 


85 


75 


0-62 


550 


112 


100 


0-73 


600 


144 


125 


0-91 


650 


181 


150 


1-13 


700 


221 


175 


1-33 


760 


266 


200 


1-55 


800 


318 


225 


174 


860 


398 


250 


1-95 


900 


485 


275 


2-16 


950 


590 


300 


2-38 


1000 


722 


325 


2-57 


1050 


892 


350 


2-75 


1100 


1085 


375 


2-93 


1150 


1400 


400 


312 


1200 


1725 


425 


3-30 


1250 


2102 


450 


3-50 


1300 

1348 


2540 


475 


3-70 


3480* 



* At this point fracture occurred. 

Taking the readings up to 450 inch-pounds, the dii- 
ferences per 225 inch-pounds are — 

3-50 3-30 3-12 2*93 275 2*57 2*38 2*16 
174 1-55 1-33 1-13 0*91 073 0-52 0*30 



176 



175 



179 



1-80 



1-84 



1-84 



1-86 



1-86 
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The mean of these is — 

176 
175 
179 
1-80 
1-84 
1-84 
1*86 
1-86 



8)14-50 

1-8125 f ^®fi»ree8 for each 225 ioch-pounds 
___ \ of twisting moment. 

Making use of the formula already mentioned, on page 46, 
the Modulus of Kigidity is — 

^ ^ 5760 .l.T 

71^. a. d* 

In the present case 

I = Sin. 

T = 225 inch-pounds. 
TT = 31416 
a = 1'8125 decrees 
d = 0*472 in. diameter. 
Putting in these values, 

5760 . 8 . 225 



G = 



(81416)^. 1-8125. (0-472)^ 
= 11,800,000 lbs. per square inch. 
= 5,225 tons per square inch. 

The value of the modulus of direct elasticity for mild 
steel is somewhere about 30,000,000 lb. per square 
inch ; in the example given on a former page it was found 
to be 28,860,000 lb. per square inch. It has ^ been 
shown (page 20) that, reasoning from purely theoretical con- 
siderations, the ratio of the modulus of rigidity, G, to the 
modulus of direct elasticity, E, is as 2 to 5, or 

2 = ? = 0-400 
E 5 

Now, taking the values found in the two cases quoted, 

G = 11,800,000, and 

E = 28,860,000, 
So that the ratio 

G ^ 11,800,000 ^ ..4.0 
E 28,860,000 
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This result is, of course, only an approximate demonstration 
of the truth of the fact that G : E : : 2 : 5 for the same 
material. The two tests were not made on steel from the 
same piece, but the two metals were of very similar 
character. 

When the shaft is still elastic, the shearing stress at any 
point on a section of the bar is directly proportional to the 
radial distance of this point from the axis, and, therefore,, 
the maximum stress is always at the outer surface. On 
this account it is these outer layers that are first strained 
beyond the elastic limit, while the layers nearer the axis 
are still in the elastic state. When once these outer layers 
begin to take permanent set, a greater stress is thrown on 
those layers coming next to them, and so on, the semi- 
plastic condition gradually penetrating inwards until the 
whole bar is in this state. 

It will be readily understood that the commonly 
accepted formula for torsion, 



■f=ii/* 



is only true so long as the elastic condition is maintained,, 
that is, so long as the stress is proportional to the distance 
from the axis. 

The further the test progresses, and the nearer the point- 
of fracture is approached, the more nearly is the truly 
plastic condition approximated to. As was pointed out 
(par. 16) a significant fact about the plastic condition, so 
far as a torsion specimen is concerned, is that under this 
condition the shearing stress at any point in a bar is not- 
proportional to the distance of that point from the 
axis of the bar, but is sensibly uniform over the whole 
section of the bar ; and the relations of stress and moment 
are now expressed-by the formula (XXX.), instead of (IX.). 
This formula, which has already been given, is 

TT 

12 



T - ^/.. 



Between the elastic limit and the maximum twisting 
moment, the relations of stress are not expressed by either 
of the two above formulae, but probably by an expression of 
the form. 



T=i/^ 



V' 
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where /, is the maximum shearing stress, and x has a value 
somewhere between 16 and 12. 

I20. Stress at the Elastic Limit. — In the above test, the 
elastic limit maj be said to have been passed at a twisting 
moment of 500 inch-pounds. The formula — 

S 

may be taken as being true up to the elastic limit. 
Putting this in another form, we have 

16. T 



A 



16 . 500 



3-1416 . (0-472)8 
= 24,300 lb. per square inch, 
= 10-82 tons per square inch. 

The maximum twisting moment was 1,348 inch-pounds 
Owing to the fact which has already been referred to, 
namely, that near the point of fracture for a ductile metal 
the stress is nearly uniform over the section, the second 
formula must be employed : — 



from which 



T = 


12 


s 


/- 

< 


12 

IT 


.T 






12 . 1348 



3-1416 . (0-472)3 

= 49,000 lb. per square inch. 
= 21*85 tons per square inch. 

The shearing stress for the same metal, as obtained from 
•direct shearing tests, is about 22*40 tons per square inch. 
There is, therefore, no very great difference between the 
two results, thus showing that it is right to assume the 
condition of uniformity of stress at the maximum twisting 
moment. 
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131. Diasfram Plotted from the Torsion Test. — A 

graphical representation of the results of this test is given on 
Fig. 105. Here the twisting moments are plotted horizontally 
as abscissse, and the corresponding angular deflections 
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Fig. 105. — Diagram of Torsional Test of Mild Steel Bar 0*472 in, 
diameter and 8 in. long, showing twisting moments and corres- 
ponding angles of twist. 

vertically upwards as ordinates. The general form of the 
curve obtained is not unlike the tension curve for the 
same metal. It will be seen that there is an elastic portion 
which nearly coincides with the base line for the scale 
used, a distinct step at the elastic limit, and an upward 
curve from this point. The curve for wrought-iron is very 
similar, while that for cast-iron is like the one for tension, 
being approximately a straight line to begin with, and 
gradually merging into slightly upward curve. 

132. Fractures lor Torsion Specimens. — The fractures 
for the more ductile materials, when tested to destruction in 
torsion, take place roughly on planes at right-angles to the 
axes of the specimens. Actual fracture occurs without 
any violence, and there is nothing very characteristic about 
the broken surfaces. 
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The form of the fracture in the case of the brittle 
materials, such as cast iron, is usually an almost perfect 
spiral, making an angle of 45 deg. with the axis of the bar, 
the spiral portion of the fracture making a complete 
revolution of the bar, that is to say, one whole j)itch, and a 
remaining part being roughly a straight line joining the two 
ends of the spiral. This is the case in both solid and hollow 
bars. 

In bars of ductile materials, especially in hollow bars of 
fibrous metals such as wrought iron, the axis of the bar and 
the whole bar itself often tends to assume a spiral or cork- 
screw shape before fracture takes place. 



Chapter VII. 
TESTING OFERATIO^S— (Continued,) 

APPLIANCES FOE DEAWING AUTOGEAPHIC 

DIAGEAMS. 

133. In the examples of tests which have been quoted — 
that is to say, the tests in tension, compression, bending, and 
torsion — it has been shown that the results of these tests 
may be recorded or expressed graphically as well as by 
means of written figures. This is done in most cases by 
making use of rectangular co-ordinates, and plotting a 
curve whose abscissae represent loads, and whose corres- 
ponding ordinates represent to some scale the strains of 
the test specimen produced by the loads in question. A 
curve of this kind has been called a load-strain diagram, 
and forms a very ready means of recording a test in a form 
which conveys to the mind an idea of the test much more 
rapidly than by inspecting columns of figures. 

In these examples the stresses and their corresponding 
strains were measured at frequent intervals, and plotted 
afterwards. Attempts have been made, with more or less 
success, to provide means whereby the diagram can be 
drawn, as the test proceeds, by an appliance attached to the 
:specimen itself. A diagram drawn m this way is called an 
" autographic " or " automatic " diagram. 

It IS exceedingly difficult to design a really satisfactory 
.and accurate autographic apparatus. Let us see what 
are the principal conditions which have to be satisfied 
in doing this. First, take a simple tension test. It is 
required to be able to draw a curve whose abscissae repre- 
sent, say, the loads on the specimen, and whose ordinates 
represent the extensions produced by the corresponding 
stresses. It is the usual, but not invariable, custom to 
.arrange the appliance so that the diagram is drawn upon 
a sheet of paper. In all cases the pencil which is to trace 
out the curve must have two independent movements with 
respect to the paper, one controlled by the load and the 
other by the strain of the specimen. Generally, these 
two movements are at right angles to one another. 
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Of these two movements, the one representing the 
strnin of the specimen is taken direct from the specimen, 
and exactly corresponds to the relative movement of two 
fixed points on the oar, either as this movement actually 
exists or in a magnified form ; where the elastic extensions 
of a bar are to be recorded, a system of levers is inter- 
posed between the specimen and the pencil carriage. This 
strain movement is not difficult to arrange for, but, un- 
fortunately, the same cannot be said of the stress move- 
ment. In the great majority of tension machines the 
observer obtains his information as to the load on the 
specimen at any moment from the position of a known 
weight on the weighing lever. A pointer attached to this 
weight travels along a scale attached to the beam, and the 
load on the specimen is in this way indicated. The weak 
point about this is that the reading is only true so long as 
the beam is floating freely between its stops ; if the beam 
rests on one of the stops the indication is rendered 



Fig, 106.— Kenned; 's Apponttu tor Dnwli^ Autographic Diagrams. 

useless. But a man who is in the habit of manipulating a 
testing machine is fully aware of this and is accordingly 
careful to keep his lever always Boating when taking read- 
ings. In some forms of autographic apparatus the load 
movement of the pencil is controlled by the movement of 
the jockey weight, and is, in fact, a facsimile, on a reduced 
scale, of its motion, the reduction being effected by a 
system of tooth gearing or pulleys. An arrangement of this 
kind only produces a semi-autographic diagram because 
the accuracy of the load movement of the pencil depends 
on the care and skill with which the machine is manipu- 
lated. A truly autographic apparatus must draw a diagram 
quite independently of the observer who is controlling the 
machine. 

124. Dr. Kennedy's Apparatus.— This appliance may be 

taken as representing one of the most successful attempts to 
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produce an apparatus capable of drawingaccurate and purely 
autographic diagrams of tension tests. This piece of appara- 
tus is represented diagrammatically on Fig. 106. It consists 
essentially of two parts, namely, the strain recordings portion 
and that for recording the stress. The diagram is drawn 
upon a sheet of smoked glass at A. This glass slides in 
a frame B, which is attached to the middle of the " spring- 
piece " P. This frame also carries the centre about which 
the radial arm, C, rotates. On the end, D, of this arm 
rotates a frame consisting of an arm and two pieces 
forming arcs of circles whose radii are in the ratio of 1 to 2. 
Around the arc having the smaller radius passes a 
wire, or its equivalent in the form of a strip of steel. The 
other end of this is attached to the further end of the 
specimen. To the arc of larger radius is fastened a thread 
which itself is attached to the sliding frame carrying the 
sheet of smoked glass upon which the diagram is to be 
drawn. The mode of operation of this part of the apparatus 
is as follows : The test specimen, S, stretches under tne load, 
and the two points at which are respectively linked to the 
arm C and E, and the free end of the wire F, move with 
respect to one another. The result is that the wire is 
pulled, and the radial arm rotated through a small arc, 
and, consequently, the thread which is fastened to the slide 
is moved through twice the distance represented by the 
stretch of the specimen. This constitutes the movement 
necessary to record the strain, the movement of the sheet 
of glass being proportional to, but double, the extension 
of tne bar. 

In order to obtain the other co-ordinate of the diagranj, 
a special piece of apparatus is interposed between the 
shackles of the macnine and the specimen. To this has 
been given the name offspring-piece." By making use 
of this, the load on the specimen at any moment is 
recorded in a manner which is entirely independent 
of the lever of the machine and its poise weight. 
This spring piece is simply a test piece of larger 
size than the one which is being tested, its size being such 
that the maximum load on the specimen does not stretch 
it beyond its elastic limit. As the spring piece, P, and the 
specimen, S, are placed " in series,' any load which comes 
upon the specimen has to be transmitted to it through the 
spring-piece, which itself sustains precisely the same load. 
In consequence of the spring piece at all times carrying 
stresses which bear a fixed ratio to the stresses on the 
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specimen, and the elastic stretch of spring piece being pro- 
portional to the load upon it, it follows that this stretcn is 
a direct measure of the load upon the specimen. This fact 
is taken advantage of in the working of the apparatus. 

The spring piece is made of such dimensions and 
material that the maximum loads on the specimens which 
are tested never approach its elastic limit. The pointer 
<j, which is used to draw the diagram, is carried by a small 
roller forming its centre* of rotation. This roller lies 
between and is pressed upon by two plates, one of which 
is attached to each end of the spring piece. As 
the spring piece stretches under the load the two 
plates move with respect to one another, with the result 
that the roller is rotated, and with it the pointer. 
The rotation of the index, and therefore the circum- 
ferential movement of its point, as it traces out the diagram 
on the glass, is a measure of the stretch of the spring piece. 
This is a measure of the load upon the spring piece, and 
therefore of the load upon the specimen also. A large 
magnification of the stretch of the spring piece is obtained 
by the large ratio which the arm of the pointer bears to 
the radius of its roller. By carefully selecting the spring 
piece, the load can be made exactly proportional to the 
circumferential movement of the pointer, and by direct 
calibration with actual loads in the testing machine, the 
movement of the pointer which corresponds to given load 
can be ascertained. 

It is only necessary, then, after adjusting the apparatus, 
to go on increasing the load upon the specimen until 
, fracture takes place, and the whole history of the process, 
as regards relation of stretch to load, will be told upon the 
smoked glass by the specimen itself. When the diagram 
is completed it is varnished and used as a negative, from 
which photographic prints may be taVen. 

This instrument is truly automatic, and is quite inde- 
pendent of any outside manipulation, but at the same 
time it possesses several disadvantages which militate 
against its general use. One of these is that the load 
movement of the pointer is in a circumferential direction 
instead of being in a straight line at right angles to the 
direction of the stretch movement. For many purposes 
this matters little, but where the diagrams have to be com- 
pared with the diagrams plotted from rectangular co- 
ordinates a somewhat tedious process of reduction is 
necessary. 
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The existence of the spring-piece adds to the complica- 
tion of the testing apparatus, and a second holding device 
has to be provided at the end of the spring-piece nearest 
the specimen: Any slip or yielding of the specimen in 
the grips would, under ordinary conditions, be included 
in the movement representing the stretch of the specimen, 
but this diflSculty is obviated by the use of the differential 
arrangement of the pulleys which serve to transmit the 
elongation. So far as the writer is aware, this apparatus 
has only been used with specimens having specially turned 
heads, and no attempts have been made to use it with 
ordinary wedge grips.* 

125. Wicksteed's Autos:raphic Recorder. — In order to 
produce workable autographic diagrams without the employ- 
ment of so delicate an instrument as that of Dr. Kennedy, 
Mr. Wicksteed has designed an apparatus on very different 
lines. A very good idea of the general appearance of this 
instrument will be obtained from the illustration on Figs. 
21 and 22. Here the autographic apparatus will be 
seen standing in the space below the beam of the machine, 
and having somewhat of the appearance of a small lathe* 
An enlarged view of the more important details is given 
in plan and longitudinal section in Fig. 107. The diagram 
itself is drawn upon a sheet of paper fixed upon the 
surface of a drum, D. The rotational movement of this 
drum is produced by the stretch of the specimen, the 
motion being transmitted by means of a fine wire, one end 
of which is attached to the lower end of the specimen, 
after passing over a small pulley fixed to a clip on the 
upper end, so that, as the bar stretches, the wire is drawn 
over the pulley to an equal extent, and the drum is in this 
way rotated. It will be seen that the wire, before reaching 
the instrument, passes over two other guide pulleys, placed 
at the joints of a light wooden knee-frame. This arrange- 
ment has been adopted in order to prevent any movement 
of the specimen, due to the slipping of the holding wedges 
or the swing of the beam, being recorded as a part of the 
strain. The wire, after passing round the drum pulley, is 
kept tight by means of a small weight. 

It is in his method of recording the load upon the 
specimen that Mr. Wicksteed makes use of a somewhat 
novel arrangement. In most testing machines the strain 

* This instrument will be found to be fully described in the Proc. 
InsU Mech. En?., 1886, p. 65. 

q2" 



■Taken from Inst. Mecb. Eog. Proc, 16«6. 
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is taken up and the load applied by the pressure of water 
upon an hydraulic piston or ram. Consequently the load 
upon the specimen is at all times sensibly proportional to 
the intensity of the pressure of the water m the ram 
cylinder, whatever be the. position of the poise weight on 
tne weighing beam, and no matter whether the beam be 
resting on its upper or lower stop. In the present instru- 
ment advantage is taken of this principle, and the indications 
of the loads on the specimen are made to depend upon the 
water pressure in the ram cylinder. The pressure is com- 
municated to the ram of a small cylinder by a pipe lead- 
ing from the main cylinder. The miniature ram is shown 
at R in the figure, and is made to press against a 
spiral spring, C. The continuation of the ram beyond 
the spring carries the pencil with which the diagram is 
drawn. 

As the load on the specimen increases, the water 
pressure in the main cylinder increases- in the sama ratio, 
and, as the pressure is the same in the cylinder of the 
instrument, the pressure upon the small ram is propor- 
tional to the. load on the specimen. As the load comes 
upon the small ram, it compresses the spring and moves 
tne pencil. The compression of this spiral spring is 
proportional to the load producing the compression; 
therefore Ave have the final result that the movement of 
the pencil from its zero position is proportional to the load 
on the specimen at any moment. This is only true within 
certain limits. 

Besides small variations of load due to the inertia of 
the moving parts of the machine which may be unrecorded, 
there is an error caused by the friction of the packing of 
the main ram ; that is to say, the water pressure on the 
ram is balanced, not only by the load on the specimen, but 
by this added to the mction of the ram. It has been 
found experimentally that the ram friction is sensibly 
proportional to the total load on the ram, and therefore 
the presence of this will not affect the general form of the 
diagram produced, but only its scale. 

The scale of the diagram can be determined experi- 
mentally by comparing the readings with actual 
observations of the beam scale, and this calibration can be 
checked from time to time. Besides the friction of the 
ram packing the water pressure has also to overcome the 
friction of the crosshead slides, and, as this is a somewhat 
variable quantity, another source of error is thereby 
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introduced. What is most unsatisfactory about the effect 
of the ram friction on the scale is due to the fact that this 
friction acts sometimes with the load, and sometimes 
against it ; and, consequently, the friction may be a plus 
quantity at one point of test, and a minus one at another, 
fiut this hardly affects an ordinary test, where the strain 
is continuous in one direction. 

As there is a frictional force between the main ram and 
its packing, so there is also the small amount of friction 
between the ram of the instrument and its packing, which, 
if not obviated, would considerably interfere with the 
movement of the pencil. Mr. Wicksteed has, however^ 
resorted to the very ingenious plan of rotating the ram 
continuously by means of belt gearing driven from the 
main shafting, and thereby reducing the frictional resistance 
to motion to a minimum. 

126. Semi- Automatic Recording Apparatus. — The two 

pieces of apparatus which have so far been dealt with may 
be describea as truly automatic in their working, that 
is to say, they are independent of those parts of the testing 
machine which are used to control the load upon the 
specimen. In the case of either of these appliances, if the 
poise-weight were never moved from its initial position 
on the weighing lever, but the specimen were to be 
broken by the application of the hydraulic pressure with 
the beam fixed against its upper stop, precisely the same 
diagram would be drawn as if the beam had been kept 
floating during the whole of the test. 

In the examples next to be described, the case is 
different. In all these the strain movement is, as before, 
taken direct, in its original or magnified form, from the 
specimen. The load movement of the pencil is made to 
depend on the position of the poise-weight, from which it 
takes its motion. In a test as ordinarily carried out, the 
load on the specimen at any moment is given by the 

Eosition of the jockey-weight on its beam, the actual reading 
eing taken on a graduated scale, along which moves a 
pointer or vernier. This is the only means of ascertaining 
the load upon a bar, and it must be remembered that it is 
accurate only so long as the beam is in equilibrium and 
floating freely between its stops. Assuming therefore that 
the beam is always floating, then, if the pencil of the 
autographic apparatus is made to move from its original 
position a distance always bearing a constant ratio to 



UNWIN S AUTOGRAPHIC APPARATUS. 



229 



the simultaneous movement of the weight, this distance 
moved by the pencil will be a measure of the load upon the 
specimen, to a certain scale. This is the plan which is 
Adopted in all instruments of the present class. 

Among these are the instrument of Professor Unwin, 
and a number of others very similar in principle, such as 
those of Mr. Aspinall, Professor Hele-Shaw, and Professor 
Hearson ; there are also a number of Continental and 
American designs based essentially on the same principles. 




Fig. 108. — Diagrammatic Sketch of Un win's Autographic Apparatus. 

127. Professor Unwin's Auto^^raphic Apparatus."^ — The 

general scheme of this instrument is given on the diagram 
on Fig. 108. Here, the specimen which is being tested is 
marked S, and the rotating drum which carries the paper 
upon which the diagram is to be drawn is shown at B. It 
will be seen that the drum is placed in a vertical position, 
and rotates on a spindle which terminates in a worm wheel 
at D. Upon the drum is fixed a sheet of paper, and the 

 See Unwin's •• Testing," p. 236. 
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diagram is drawn by a pencil C. This pencil is attached 
to a small carriage which slides up and down two guide 
rods, and whose motion is made to depend upon the stretch 
of the specimen. Two clips, E and F, are fixed to the top 
and bottom of the specimen respectively, and are sucn 
that they are perfectly rigid on the bar. To the lower of 
these is fixed a small pulley, and to the upper one the fine 
wire used to transmit the motion is attached. This wire is 
led downwards over the pulley at the lower end of the 
specimen, and upwards again, passing over a pulley on the 
top clip ; from nere it is led horizontally to the guide 
pulley G, and thence direct to the pencil carriage 
of the instrument. The wire is kept tight by means 
of the weight H. From this it will be seen that the 
elongation of the specimen is magnifi*ed two-fold before 
it is transmitted to the pencil. By leading off the wire 
horizontally as shown, and parallel to the knife edge, any 
error that might aris<e from the movement of the specimen 
as a whole is reduced to a negligible quantity. 

The indications of the loads on the specimen are made 
in a direction at right angles to that of the extension by 
the rotation of the drum. The machines to which this 
apparatus has been applied are of the single-lever type, in 
wTiich the movement of the poise-weight is controlled by 
means of a screw, and the motion of the weight, and there- 
fore of the load on the specimen also, is proportional to the 
rotation of this screw, and this fact is taken advantage of 
in the working of the instrument. The motion of the 
beam screw is transmitted to the small grooved pulley J 
by means of a catgut band. On the same spindle as the 
grooved pulley is a worm which gears into the worm wheel 
of the paper drum. So that, apart from small inaccuracies- 
in the intermediate gearing, the circumferential movement 
of the paper is proportional to the movement of the poise- 
weight, and therefore to the load on the specimen. 

in this way a diagram is drawn having for its abscisses 
the loads on tne specimen, as given by the position of the 
poise-weight, and for its ordinates tne extensions taken 
directly from the specimen itself. 

In the case of a test carried out in the usual way the 
beam is kept floating, and the position of the weight on 
the beam is a measure of the load on the specimen, and is. 
always taken as such. Even with the most ductile of the 
metals there is little difficulty in manipulating the beam 
so as to keep it in equilibrium up to the maximum 
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load. But in the case of ductile metals the actual breaking ^ 
load is usually less than the maximum. It is between these 
two points that the local contraction is taking place, and 
the load-strain curve shows a turning backwards at this 
point, the load decreasing as the extension goes on rapidly- 
increasing. It is when this period is reached that there is 
some difficulty in manipulating the poise weight so as to 
keep the beam floating until fracture takes place. As soon 
as tne local contraction sets in the speed of extension 
begins to increase rapidly, and it requires a considerable 
amount of skill and quickness to run the weight back 
quickly enough to keep the beam floating. If the beam 
can be kept floating until fracture does take place, the 
diagram produced by the present apparatus will be correct 
and satisfactory except for the effect of backlash, but if 
the operator is unable to prevent the beam from falling on 
to its lower stop, the diagram will be incomplete. What 
has been said on this point also applies to other machines 
which depend for their load indications on the movement 
of the poise-weight. 

In the somewhat similar apparatus of Professor Hele- 
Shaw, instead of the drum motion being taken from the 
weight through the screw gearing, the motion is taken direct 
by means of an endless band connected direct to the poise 
weight and passing over guide pulleys. Mr. Aspinalls 
arrangement is very similar. 

128. Riehl^'s Autographic Apparatus. — On Fig. 109 is 
shown a general view of one of Messrs. Riehl^ Bros, standard 
machines (capacity 100,000 lb.) fitted with automatic con- 
trolling apparatus and autographic gear. The automatic 
apparatus constitutes the arrangement whereby the position 
of the poise-weight is controlled automatically. At the 
outer end of the beam are two electrical contact points, 
so arranged that when the beam rises to its highest position 
the points come into contact. 'The effect of this contact 
is to complete the circuit of a current provided by means, 
of a battery of two cells. When this circuit is completed, 
the armature of a magnet is attracted, and this puts the 
screw controlling the poise-weight in gear with the driving 
mechanism of the machine, and the weight is carried out- 
wards towards the end of the beam. As the load on the 
specimen is in this way increased, a further extension 
takes place, the beam again falls, and the contact is broken. 
The straining mechanism continues to pull on the lower end 
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of the specimen the beam is again raised, (and the coatact 
eflfected, and so in this way an automatic balance is main- 
tained. There is a provision whereby the speed of running 
out the weight can be varied to suit the particular kind of 
test which is being made. 

The drum which carries the autographic diagram will 
be seen in the illustration. The diagram is drawn by the 
drum being rotated by the stretch of the specimen, com- 
bined with the vertical movement of the pencil due to the 
load variation. The stretch is taken directly from two 
clips attached to the specimen, and. transmitted to the 
drum by means of a small shaft and mitre gearing, the 
linear movement being converted into rotary motion and, 
between the specimen and the drum, being magnified five 
times. The vertical movement of the pencil is effected by 
means of a screw which derives its motion from the poise- 
weight screw, but on a reduced scale. 

This machine can be used with or without the automatic 
attachment, and the machine can be controlled entirely by 
hand. When the automatic gear is used it is only 
necessary to put the straining mechanism in action, and, 
by means of the apparatus, the load on the specimen is 
Automatically adjusted so that balance is always maintained. 
The speed at which the poise-weight travels along the 
weigh-beam can be varied at the will of the operator. 

As in the case of Unwin's apparatus, and others of 
the same type, there is the objection, which has already 
been pointed out, that the load movement of the 
pencil is only an accurate measure of the load on 
the bar so long as the beam is in equilibrium. This is, 
however, very nearly approximated to by the use of the 
electrical apparatus. The movement of the weight is, 
however, only an outward one, and the portion of the 
diagram near the end of the test when the bar is in its 
plastic stage cannot be drawn correctly by this apparatus. 
If it is wished to obtain this portion of the diagram for a 
ductile material, the electrical apparatus will have to be 
put out of gear and the machine controlled by hand. 

129. Riehle-Qray Autogrraphic Apparatus.— One pecu- 
liarity of this instrument is that, instead of drawing only one 
diagram, it produces two, one for the complete test up 
to the breaking load, and the other, a diagram showing the 
relation between load and strain, up to a point just beyond 
the elastic limit. On Fig. 110 is shown the instrument in 
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position, alofig with the weighing lever of the testing 
machini^/ The connection between the test specimen and 
the ^recording pencils is made through two sets of levers, 
as will be seen in the illustration. Two pencils are used, 
one of which is suspended from the long arm of the large 
lever having a three-to-one velocity ratio, and thus magni- 
fying the extension three times ; while the s^teond pencil 
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A — Swedish bar iron. 
B — Landore rivet steel. 
C— Cast steel. 

Fig. 111. — Automatic Stress-strain Curves, drawn with the Kennedy- 

Ashcroft Instrument. 



is hung from the third of a set of levers having a total 
velocity ratio which can be set to 100, 200, 300, 400, or 
500 to 1. The former of these pencils is used as in the 
instrument last described for drawing the diagram cover- 
ing the whole test. The second pencil, wnich has a 
movement from 100 to 500 times the [stretch of the 
specimen, is used within the elastic limit, or to a point 
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just beyond it. There is an arrangement by means of 
which high multiplications can be made use of throughout 
the test. This is effected by bringing the pencil back to 
zero each time it approaches the edge of the paper. The 
radical difference between this apparatus and the Riehl^ 
instrument is in the manner of obtaining the load ordinate. 
The use of the poise weight is dispensed with for the time 
being, and the load on the specimen is made to lift the 
weighing lever against the tension of the spiral spring 

Sectional area of bars = 1 sq. In, 




Load In Tons. 

A — Mild steel. 
^ B— Copper. 

Fig. 112.— Copies of Self -recorded Diagrams, taken on a Wicksteed Test 

Recorder.* 



shown in the illustration. The outer end of the beam has 
a vertical motion of several inches, its height at any 
moment depending on the load on the specimen. By 
means of a cord tnis movement of the weighing beam is 
transmitted to the paper drum, which it causes to rotate. 
The poise weight may be used to check the readings given 
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by the spring. Some of the later machines haye been 
made with a poise which is propelled by a screw and 
•operated either automatically or by hand, thus going back 
to the less perfect system of taking the load indications 
from the position of the poise. 

130. Other Autogrraphic Appliances. — Besides the devices 
which have been described, there are many others in use. 
The principles involved are the same in most cases, the actual 
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Fig. 113.— Autographic Diagram, from Specimen of Machinery steel by 

the Biehle Apparatus. 

differences being chiefly in matters of detail. The great 
majority of autographic gears suffer from the defect which 
has already been pointed out, namely, that the load move- 
ment is made to depend on the position of the poise weight, 
and is not controlled by independent means. The difficulties 
of attempting to effect this are great, and, moreover, an 
Apparatus which is free from this defect must of necessity 
be costly. 

Autographic gears have been applied to tests other 
than those in simple tension or compression. In some 
"Cases autographic records have been taken of cross-bending 
tests, as well as those in torsion. Of the latter, two machines 
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have already been described to which autographic devices- 
are attached. The Buckton torsion machine draws a spiral 
diagram on a disc, which is rotated by connection witU 
the free end of the specimen, and which is made. to 
revolve through the same angle. The rstdial movement of 
the pencil in this apparatus is derived from the movement 
of the poise weight, which is used to increase the twisting 
moment on the specimen. The autographic apparatus 
attached to the Deely torsion machine has already been 
mentioned. This is really a Crosby steam-engine indicator,. 
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Fig. 114,— Autographic Compression Diagrams, from Rielile*s 

Apparatus. 



the rotatory movement of the drum being derived from the 
twist of the specimen, and the pencil movement depending 
upon the motion of the lever against the controlling spring. 

131. Auto£:raphic Diagrams.— The diagrams produced 
by these various appliances are of course similar in form ta 
diagrams plotted from sets of recorded observations, and 
should be, putting aside defects and inaccuracies of the 
apparatus used, precisely the same. Examples of diagrams 
produced by the appliances just mentioned will be seen on 
the following figures. 

On Fig. Ill are shown three samples of diagrams taken 
with Professor Kennedy's apparatus. In this case the load 
abscissae lie on parallel circles, although the stretch 
ordinates are in vertical straight lines. In order to com- 
pare * diagrams of this kind with those having rectangular 
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co-ordinates, it will be necessary to re-plot them on squared 
paper. With regard to the diagrams themselves, it will be 
seen that the elastic portion of the curves in all cases 
coincides with the base line, the scale being such that the 
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L— Zero Line, 4 Ma^nificatioDs. 
M — Zero Line, 347 MagnificatioDS. 

Fig. 115. — Riehle-Gray Autographic Diagrams from Tension Specimen 

of Macbiaerj Steel. 

-elastic extensions are inappreciable. The elastic limit is 
well marked, but it will be noticed that the curve beyond 
the limit follows a somewhat erratic course before settling 
down to the semi-plastic extension ; after the limit load is 
passed the extensions increase rapidly with the increase of 

Torsion DiadroML. 
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Fig. 116.* 

load for some little time, and then, as the extension 
increases, it will be noticed that the load diminishes 
again slightly for a time, and then continues to increase, 

* Inst, Mech. Eng. Proc, 1898. 
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showing that when the limit has been passed there is 
a rapid yielding of the substance with a diminution of 
load. 

On^Fiff. 112 will be seen two diagrams taken with Mr. 
Wieksteed's autographic apparatus. That marked A is 
from a specimen of mild steel, while B is taken from a 
tension specimen of copper. The general form of these 
curves is similar to those taken by Professor Kennedy's 
instrument, and it will be noticed that the turning back of 
the curve just beyond the limit is again well marked. 
In this apparatus, as the load ordinate is proportional to the 
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Fig. llT.-^Torsion Diagram for Mild Steel Specimen. 

actual load on the specimen, and is independent of the 
movement of the poise, the portion of the diagram repre- 
senting the last stage of the test during which the local 
extension takes place is automatically produced. 

The diagrams of Figs. 113 and 114 are samples of the 
<5urves produced by the Kiehl^ apparatus. Of these, Fig. 113 
is for a mild steel tension test; Fig. 114, C, is from a 
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compression test of mild steel, and D is from a similar test 
of Muntz metal. Owing to the fact that the load ordinate 
depends on the movement of the poise, the tension diagram 
terminates at the maximum load. 

A diagram produced by the Riehl^Gray apparatus is 
represented in Fig. 115. Here two curves are shown, that 
marked A being the elastic curve, in which the stretch is 
magniiSed 347 times, and B the curve for the whole test, in 
which the stretch is magnified four times. In this latter 
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Fig. 118.— Torsion Diagram for Cast-iron Specimen. 

case the diagram gives true indications up to the actual 
point of rupture. The material tested was a specimen of 
machinery steel. 

On Fig. 116 is an autographic diagram taken on a Deeley 
torsion machine. The material tested was a piece of 
crank axle steel. 

Two spiral torsion diagrams taken by the writer on a 
Buckton torsion machine are shown in Figs. 117 and 118^ 
the former being for a specimen of mild steel 5 in. long and 
0*473 in. diameter, and the latter is for a bar of cast iron 
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having the same dimensions. In these torsion diagrams 
for ductile metals the elastic limit is very well definea. 

Similar diagrams to these, but taken from much larger 
specimens, by Mr. Charnock, at the Bradford Technical 
College, were published in JEngiTieering some years ago. 

It was pointed out that, hy means of the Riehl^Gray 
automatic apparatus, it is possible to draw a curve showing 
the relation between stress and strain within the elastic 
limit, in addition to the one for the complete test, the 
extensions being magnified several hundred times. Dr. 
Kennedy has produced diagrams similar to these by 
making use of the apparatus already described (Fig. 106^ 

S. 222 ante), in a somewhat modified way. Wnen a 
iagram of this kind is to be drawn with the apparatus, 
the spring-piece is dispensed with, and the instrument 
fixed upon the specimen itself, by which it is supported. 
In this case the swinging pointer does not record the load, 
but the magnified stretch of the specimen. The indications 
of load variation are obtained direct from the poise weight, 
whose movement is transmitted to the sliding glass plate 
upon which the diagram is to be drawn. There is not 
here the same objection to taking the load from the poise as 
in the former cases, because the loads and strains are both 
progressive and there is no going back of the stress ; there 
IS no difficulty in keeping the weighing beam floating 
throughout the drawing of the diagram. An example 
of a figure produced with this device is shown on* 
Fig. 119. The test was made upon a sample of cast iron 
f in. diameter and 10 in. long. Three curves are shown, 
taken one after the other from the same bar. The zero 
line for extensions is A B. The first diagram taken is 
marked L. When a certain point was reached the load 
was removed, and the needle went back, not to the 
point A, but to a higher point C, the distance A C 
representing the permanent set after the first loading. 
The process was now repeated, the curve starting from I) 
and almost coinciding with the first curve at the end. A 
smaller amount of permanent set is shown in this case. A 
third diagram was drawn, this being almost identical with 
the second. 

It must be remembered that the extension ordinates 
produced with this apparatus are on circular arcs, and the 
whole curve must be replotted when it is desired to 

* Taken from ProlMnor Kennedy's paper in Min. Proc. Inst. Civil 
Engineers, vol. Ixxxviii. 
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compare it with similar curves having rectangular co- 
ordinates. The magnification of the extensions used in 
this case was 130 to 1. 



132. Uses and Limitations of Autographic Diasranis. — 

Autographic stress-strain diagrams are sometimes described 
as being analagous to indicator diagrams taken from fluid- 
pressure engines, but this is an unfair comparison. The two 
cases are not quite similar. An indicator diagram is taken 
from an engine for two purposes, one qualitative and the 
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FiQ. 119. — AutomaticaUy drawn elastic load strain diagram of a 
sample of Blaenavon Cast Iron. L is the curve for the first load- 
ing, M for the second, and N for the third. 

other quantitative. It is required to determine the work 
which is being performed upon the piston of the engine 
during a cycle or number of cycles ; and, at the same time, 
the diagram is made use of for the purpose of finding out 
the manner in which the parts of the engine are aoing 
their work. No other means are available for determining 
these two sets of facts — the time taken to complete the 
cycle of an engine is relatively short ; and, therefore, it is 
for this reason not possible to take a number of isolated 
readings, and to plot the complete diagram afterwards from 
these. The indicator must be relied upon almost entirely, 
and there is no appeal against its decision. 
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But with an autographic apparatus applied to a testing 
machine the case is diflerent. It is here possible to take 
observations at different parts of the test, an^d from these 
recorded results to plot a complete load-strain culrve. 
With the exception of the interval between thfe elastic 
limit and the semiplastic curve, and that part of th6" dtirve 
beyond the maximum load, a curve plotted from isolated 
observations may be regarded as somewhat more accurate 
than the curve for the same test produced automatically, 
owing to the imperfections of the instruments used. And, 
at the same time, it is much more accurate to rely on direct 
observations of the poise weight for such quantities as the 
maximum load, and any other isolated readings that may 
be required. The autographic apparatus, therefore, must 
be regarded as subservient to the direct observations which 
must always be taken, and not in any way as replacing these. 
The result of an ordinary commercial test must be made to 
depend on direct observations taken by the person con- 
ducting the test, and recorded by him, although a diagram 
may be drawn automatically while the test is proceeding, 
but this shall in no way interfere with the test as ordinarily 
carried out. 

What, then, are the uses of an autographic diagram at all ? 
It must always be remembered that an automatically pro- 
duced diagram is of necessity of secondary importance to 
a set of direct measurements. But, at the same time, it 
has its uses, both qualitative and quantitative. In the first 
piace, autographic diagrams are useful when a number of 
tests of similar material are made. A comparison of the 
curves produced by these different specimens shows at once 
variations as to the elastic limit, maximum load, acd the 
ductility of the bars, both general and local. Again, the 
relations as to stress and strain at that point of the curve 
just beyond the elastic limit, can only be satisfactorily 
obtained by means of a diagram drawn by the specimen 
itself, so long as the appliance used to produce the curve 
is not made to depend in any way upon the position of the 
poise weight. The same may be said of the portion of 
the curve which turns backwards beyond the maximum 
load, if the mater'al is ductile. 

For quantitative purposes the automatic diagram has 
only a very limited use. Actual measurements of definite 
quantities, such as the maximum load and the total 
extension (in the case of a tension specimen) should never 
be taken from the autographic diagram, but should be 
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made to depend upon direct measurements, though in 
certain cases they may be used as a rough check on the 
latter. The area of a stress strain diagram is a measure of 
the mechanical work performed upon the specimen in 
breaking it, and it is a not unusual way of expressing the 
quality of a material to calculate the work done on the bar 
up to the point of rupture per cubic inch of its volume. A 
convenient method of ascertaining the amount of this 
work is by measuring the area of the load-strain diagram 
by means of a planimeter. The same result may, of course, 
be arrived at by taking a number of isolated observations 
and plotting the diagram, but this is too slow and laborious 
in the case of most commercial tests. There is also an 
approximate method of arriving at the same results, 
depending upon the maximum load and the final 
extension. 

For the purposes of scientific investigation a reliable 
autographic apparatus, such as the one used by Dr. 
Kennedy, may oe made extremely useful. It is possible 
in such a case to observe minute changes of stress and 
strain, which are difficult, and, in many cases, impossible, 
to obtain in any other way. This applies especially to the 
portion of the stress-strain curve at or near the yield point, 
and also that part beyond the maximum load up to the 
point of fracture. 

It should be pointed out that the dimensions of a 
diagram are affected by the magnitude of the time interval 
allowed to elapse during which the test is carried to a 
completion. Deformation during the semi-plastic and 
plastic stages does not take place instantaneously, but the 
material must be allowed time to take up its set. Conse- 
quently, a test rapidly carried out will show less permanent 
strain than one more slowly performed, and it does not 
follow that because two specimens are exactly similar in 
every respect that that they will produce precisely similar 
autographic stress-strain diagrams, although the general 
characteristics mav be the same. 

The use of autographic diagrams for quantitative 
purposes in commercial testing has been deprecated, and 
m tnis connection it has often been pointed out that 
diagrams of this kind can be tampered with. This is, of 
course, true, but it is not much more likely that a man 
who is carrying out a test will tamper with the diagram 
his machine is producing than that he will intentionally 
misinterpret direct observations, or that an observer in a 
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steftm-eugine trial is likely to interfere^with the ^proper 
action of the indicator. The principal -reason why auto- 
graphic gears ought not to be used in the place of direct 
readings is that the accuracy of the latter is of necessity 
greater and their results more certain, 

t33- Work done in Fracturing: a Test Bar.^A very good 
criterion as to the useful properties of a ductile material 
is the amount of mechanical work that must be expended 
on the bar by the testing machine in straining it up to the 

?Mnt of fracture against the gradually increasing load, 
his quantity is generally expressed as so many inch-tons 
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LOADS IN TONS. 
Fig. 120. — Di«Kram showing the Work done In fr&ctnriug a Test Bar. 
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ler each cubic inch of the original volume of the metal. 

?he term "original volume" isused here because, although 
for all practical purposes the volume remains constant 
during the test, a small variation does in reality occur. 
The work so done may be ascertained in various ways. In 
the first place, a diagram may be plotted from a set of 
direct observations taken at frequent intervals during the 
test, and the area of this curve measured ; or the same 
thing may be done with an autographic diagram ; or the 
work may be calculated by means of an approximate 
formula suggested by Dr. Kennedy. 

On Fig. 120 will be seen a reproduction of the load 
strain diagram already given, and plotted from the results 
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of the tests of a mild steel bar (see Fig. 68, p. 148). This 
may be taken as a typical load-strain curve. It may also be 
supposed to be either plotted from individual results, or to 
have been produced by means of an automatic apparatus. 

The whole life of the test bar, from the time when the 
load upon it is first applied, may be divided into four stages. 
Referring to the diagram, from A to D the bar is elastic, 
and its strains are relatively small, and not permanent; 
this is the elastic stage. At D the limit is approached, 
and the strains are greatly increased. From D to E is the 
second stage, during which the bar is in a state of unstable 
equilibrium, the stress alternately increasing and decreasing 
with the strain, and producing an uneven and serrated 
curve, if the diagram is automatically drawn; this may 
be due to a succession of sudden local yieldings of the 
material. When the point E is reached, the uniform semi- 
plastic stage begins; here the strains and stresses 
increase together m a uniformly varying ratio. At F the 
maximum load is reached, and the third stage is complete. 
From F to G represents the fourth and last stage, during 
which the strain is chiefly that due to local extension. The 
fourth stage is complete at G, which marks the point of 
fracture of the bar. 

Mechanical work is the product of a force into the 
linear distance through which it is exerted. The force or 
load on a test bar is represented on the diagram by 
horizontal measurements parallel to the base line A B, ai:d 
from the zero line A H. Strains are measured vertically 
upwards from the zero line A B. The total strain is 
the distance through which the varying load has done its 
work. The area A H G F E D of the diagram is the pro- 
duct of horizontal and vertical linear measurements. 
Therefore the area represents, to some scale, the total 
work done upon the bar in breaking it. 

Thus, if 7)1 is the number of tons represented by one 
inch, horizontally, n is the number ol inches of strain 
represented by one inch vertically, and a is the measured 
area of the diagram in square inches. 

Then m. n. a. will be the work done on the bar in inch- 
tons. 

The area of the diagram may be ascertained by means 
of a planimeter. In the present instance the area, a, is 
found to be 17'48 square inches. 

m = 5, and 
2 

^ = 3' 
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SO that the work done on the bar is — 

W = wi. 71. a. 

= 5 X I X 17-48, 

= 58 '30 inch-tons ; 
and the work done per cubic inch of the original volume 
of the bar is — 

W 



w = 



LA 
58*30 



10 X 0788 

= 7*39 inch-tons, 
where I is the original length of the bar, and A is the area 
of the original cross section. 

The same result may be obtained by making use of 
the approximate formula suggested by Dr. Kennedy,* and 
basea on the assumption that the semi-plastic curve is a 
parabolic one. In this formula — 

P is the maximum load in tons, 
e is the total extension in inches, 
and r is the ratio of limit to maximum. 

The formula gives the total work done on the bar as — 
and the work done per cubic inch is — 

iA\ 3 ; 

In the present instance the values of the symbols 
already given are — 

P = 21-90 tons, 

6 = 3*06 inches, 

I = 10 inches, 
A = 0-788 square inches, 

^ = ^9 = '■'''■ 
From which the result is obtained that — 

_ 21-9 X 3-06 /'0-594 + 2 



w 



) 



10 X 0788 \ 3 
= 7-34 inch-tons per cubic inch. 



See Inst. Mech. Eng. Proc., 1886, p. 68. 
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This is very near the result obtained from the diagram, 
which was 7*39 inch-tons. 

Both this, and the result obtained from the diagram 
above, give the total work done upon the bar up to the 
point of fracture as represented by the area A H G F E D. 
The objection to the use of this method is that it includes 
the work done beyond the maximum load at F, and, in 
consequence, is not independent of the proportions of the 
bar. It would, therefore, seem to be better, and to make 
it possible to use these figures for comparing bars of 
various dimensions and ratios of length to diameter, not 
to include the work I H G F, but simply to measure the area 
A I F E D. The above formula does not apply to this 
case, as it depends upon the extension after fracture, and 
not on the extension at the maximum load. 

In order to find the work done per cubic inch without 
taking account of the local extension, when this exists, 
some means must be adopted by which the local extension 
may be eliminated. 

The extension on the several inches of length were as 
follow : — 

Extensions on each Inch. 
1st 019 inch. 



■JUKTV .................................... 

2nd 


... 0-20 „ 


3rd 


... 0-21 „ 


4th 


... 0*24 „ 


5th 


... 0-28 „ 


6th 


... 0-29 „ 


7th 


... 0-30 „ 


8th 


... 0*60 „ 


9th 


... 0-50 „ 


10th 


... 0-25 „ 


Total, neglecting 8 and 9 ... 


... = 1-98 



This total of 1*98 inches is on the 8 inches which do not 
partake of the local contraction. 

Using Kennedy's formula again, we have : 

P e ( r + 2\ 

iA V 3 y 

21-9 X 1-98 / 0-594 + 2 \ 



w = 



local extension. 



8 X 0-788 \ 3 
= 5*96 inch-tons per cubic inch, neglecting 
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This has been done, it will be at once apparent, by taking 
away the inches 8 and 9 to which the local extension is 
confined and reckoning the work on the remaining eight. 
Measuring the area of the diagram AIFED with the 
planimeter, it is found to contain 1414 square inches. 
Dealing with this as before, it is found that tne work per- 
formed per cubic inch is 

^ 1414 2^ 

10 X 0-788 >< 3 X ^ 

= 5*98 inch-tons. 

This agrees very well with the result obtained by the 
approximate formula. 



CHAPTER VJII. 
TESTING OVER ATIG^S— (Continued), 

TESTS OF ROPES, WIRE TESTS, TESTS UNDER 
VARIOUS TEMPERATURES, HARDNESS TESTS, 

AND TESTS OF CHAINS. 

134. Tension Tests of Wire Ropes. — The arrangement of 
the wires in a rope varies greatly, according to* the use to 
which the rope is to be put. Generally speaking, a 
number of wires are twisted together so as to form a strand, 
and a number of these strands are again laid together so 
as to make up the whole rope. The simplest arrangement 
of the wires is to have six placed synunetrically around 
a central wire of the same size. This is shown on Fig. 121. 
In some strands a second ring of wires is arranged on 




Fig. 121.— Section of 49- Wire Rope. 

the outside of the existing seven. The central wire, 
or core, of a strand is sometimes composed of similar metal 
to that of the other wires. More frequently this central 
wire is of very soft metal, while the others are harder. 
When this is the case, the central wire is not regarded 
as adding anything to the strength of the rope, but siinply 
acting as a core upon which to build the strand. The 
reason for doing this is that on account of its position this 
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central wire would, in the ordinary course of things, have 
to bear a greater load than the others, and would snap if 
of as hard metal, but being of soft annealed metal it can 
stretch freely without breaking, and so damaging the rope 
as a whole. 

The arrangement of the rope is most frequently in six 
strands wound round a central core. This core may be 
either a similar strand or a piece of tarred hemp strand. 
This latter arrangement, while decreasing the strength of 
the rope by one strand, adds very much to its flexioility. 
Ropes built up of a large number of wires of small 
diameter, and having a fibrous core, are much more 
flexible than those made of large wires with wire cores. 

If all the wires in a rope could be subjected to exactly 
the same tension, providmg they were all of the same 
material, the strength of the rope would be equal to the 
combined strength of all the individual wires forming the 
rope. Generally the load which is required to fracture the 
rope is some ten or fifteen per cent less than the total 
strength of the wires. This is owing partly to inecjualities 
in the metal forming the various wires, but chiefly to 
the varying tightness of the wires and the consequent 
unequal load upon them. 

The chief difficulty in carrying out a complete test 
of a wire rope, or indeed a rope of any kind, lies in 
finding a satisfactory method of holding the ends. 
Various means have been tried with more or less success. 
The usual forms of holders, such as are used for attaching 
the ends of colliery winding ropes, are generally less strong 
than the rope itself. Of the many tests made in the 
direction of finding the most suitable holder, those of Mr. 
W. Hewitt, of Trenton, N.J,,* are especially interesting 
and valuable. In the tests carried out by him several 
forms of fastenings were tried with varying results. Fairly 
good results were obtained with ordinary thimbles spliced 
m place. Of these, some were broken in the body of the 
rope, while in several, the failure took place in or near the 
splice. A number of tests were tried with the ends of the 
ropes fastened in sockets after the manner usual in wind- 
ing ropes. These were all pulled out of the sockets and 
the tests were rendered useless so far as the ropes them- 
selves were concerned. In this method of holding, the 
ends of the rope are first frayed out, and the ends of 

* Proceedings of the American Institution of Mechanical Engineers,. 
1888, page 671. 
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the individual wires turned inwards over an annular wedge ; 
the whole is placed in a conical socket and the interior 
of the ring filled in with points, or a conical wedge is driven 
in. Strong as these holders or cappings appear at first 
sight, when placed in a testing machine, it is nearljr always 
found that the wires are pulled out of the socket with little 
damage to the rope itselt. The fact that spliced thimbles 
hold much better than sockets shows that mutual friction 
between the wires of the rope is of more avail than the 
friction between the wires and the surfaces of the sockets. 
Another form of fastening used in these tests is a socket 




Fig. 122.— Socket used by Mr. Hewitt. 

of the form indicated in Fig. 122. The socket is bored out to 
the required taper, and is fitted with a shell, or bush, made 
in three pieces, and having a screw thread at its outer 
-end. The wires at the end of the rope are frayed out and 
bent back against the body of the rope. Some of the 
wires are left longer than the others, so that a conical 
bunch or head is formed. This is surrounded by the 
shell, which is itself placed in the socket. A nut is screwed 
on to the shell and the wires drawn tight, and in this way 
firmly clamped. In some cases molten white metal is 
poured into the socket, so as to fill up the interstices. 
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The combination of mechanical friction with the direct 
pull against the white metal makes a sound job, but an 
equally satisfactory attachment can be made with the white 
metal alone. This may be done by fraying out the 
ends of the rope, having previously bound the rope with 
wire to prevent the wires from becoming loose. The 
ends of the wires are bent over for about lin. of 
their length, the whole forming a conical bunch. This 
can then be placed in the socket, which should have a small 
taper, and be as long as possible. Before being placed in the 
socket the wires should have been cleaned in acid and the 
inner hemp core (if any) cut out. The whole may then be 
poured full of some fairly hard white metal. This holder 
(Fig. 123), as used by Professor Goodman, of the Yorkshire 
Coflege, rarely fails to hold the rope securely, and the rope 
most frequently breaks in the body somewhere between 
the two holders. A great desideratum in wire rope 
testing is that there shall be a uniform tension on all 
the wires which go to make up the rope. This end is 
probably more certainly attained with a fastening in which 
the wires are surrounded by a solid mass of metal than 
where friction is depended upon. 

In this connection Johnson* recommends that after the 
ends of the rope have been boiled in caustic soda, and 
thoroughly washed in hot water, they should be dipped in 
chloride of zinc and then in molten . solder, so that the 
wires are tinned. The alloy recommended is one consisting 
of tin, lead, and antimony. Tejmager makes use of «n 
alloj of eight parts tin, one part copper, and one part 
antimony lor iron and mild steel wires ; and nine parts 
lead, two parts antimony, and one part bismuth for nard 
steel wires. Pierre Arnouldf used for his alloy equal 
parts of lead and zinc. 

Rouleaux J recommends, among other means for hold- 
ing the ends of a wire rope, a socket in which the rope is 
unravelled, the wires turned inwards, and molten metal 
poured in. This socket is indicated on Fig. 124. From 
what the writer has seen of the tests of various holding 
devices, he is led to believe that of the holding sockets 
based on the wedge principle very few indeed are as strong 

* " Materials of Constr action,'* page 694 ; also see Engineering ^ 
September llth, 1896. 

t Proceedings of the Institution of Civil Engineers, to], zcviii., 
p. 412. 

X «* Constructor," p. 182. 
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as the rope itself. In nearly all cases when subjected to 
loads in a teatinff machine the ropes are pulled out of the 
sockets without oreakinf?. 

When the rope which is to be tested has had its 
ends prepared in the manner described, the test may at once 
be carried out. In order to prevent any give or settling in 
the socket when the load comes to be applied, it is well, 



if possible, to cast the white metal matrices in the actual 
sockets which are to be used in the testing machine. Any 
wrapping which has been put upon the rope during its 
preparation must be removed. During the progress of the 
test measurements of any extension that takes place in the 
rope make be taken. The most important point to 
observe is the load at ivhich the specimen actually fails. 
This failure, in a satisfactory test, takes place by a rupture 
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of several of the wires at a point which is between the two 
holding sockets ; sometimes one or two of the strands fail ; 
it is not often that the rope as whole breaks at once. If 
the ends are not held in a satisfactory manner, the rope 
may be pulled out of one of the sockets, or the fracture 
of a number of the wires may take place inside the socket 
through unequal tension. 

When a length of rope is tested it is usual to test 
also a number of the wires which go to make up 
the rope, and to compare the combined strength of 
these with the strength of the rope itself. Wires 
must not be taken at random from the rope, but if 
all the individual wires forming the rope are not tested all 
those making up one strand are to be tested, and the 
combined strength of these, multiplied by the number of 
strands, gives the nominal strength of the rope. By doing 
this the one soft wire in each strand is tested along with 
the others of the strand, and not several, as might be the 
case if the wires were selected at random. 

The testing of these individual wires may be most 
conveniently performed in a special wire testing machine 
or a smaller type of general testing machine. Many 
machines are made to suit the special requirements of 
wire manufacturers. For wire testing, wedges are used, 
for holding, with the gripping surfaces -finely cut. When 
the wires of a rope are being tested there is no need to 
take any other measurements than the breaking loads. 

The following is an example of a complete test 
given by Mr. Biggart in his paper on wire ropes. 
This rope was one made by Messrs. BuUivant, and con- 
sisted ot crucible steel wires. 

Tensilb Test of a Steel Wire Rope.* 
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This is a fairly good sample of a test of such a wire 
rope. There are six strands in the rope, so it is to be 

* Minutes of proceedings of the Institution of Civil Engineers, vol. cl. 
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assumed that there was a hemp core or centre, around 
which the strands were laid. Instead of testing all the 
wires of one strand, and assuming all the strands to be of 
the same strength, the less reliable plan was here adopted 
of testing six wires from any part of the rope, and taking 
the average of these as the nominal strength of one wire. 

The average diameter of the wires is given as 0'04 in., 
which is equivalent to a sectional area of 0*0013 in. The 
average breaking load of one wire is 200 lb., so that the 
breaking stress of the wire per square inch of sectional 
area is 

2M _ 
y;"" 00013x2240 

= 68'68 tons per square inch. 

There are 72 wires whose average strength is 200 lb. 
So that the total nominal strength of the whole rope will 

be 

_ 72 X 200 

^^" 2240 

= 6 '43 tons. 

When placed in the testing machine, the rope itself 
fractured at a load of 5*85 tons. If this load be called Wj^^ 
then the " efficiency," or the percentage which the strength 
of the whole rope is of the sum of the strengths of tho 
individual wires, is 

W 



-yr^^'' 



= 5^100 
6-43 

= 91 per cent. 

The reasons why the strength of the whole rope is les» 
than the sum of the strengths of its component parts are 
several. In the first place, in its original state the wires 
composing the rope are not all in the same state of tight- 
ness, and therefore, when the load comes upon the rope, 
all do not have to withstand the same tension. This fault 
may be aggravated by the way in which the rope is held, 
and it is extremely important that the wires may be so held 
that there is as much uniformity in the tension on the 
different wires as possible. This is probably why embed- 
ding the individual wires in a matrix of metal is better 
than relying on wedges alone. Possibly slight damage 



TESTING OF WIRE. 257 

may be done to the wires in some cases by the heating 
during the process of pouring in the molten metal. Where 
this is used the metal itself should be of such a nature 
as to allow of no yielding of the wires, and for this 
reason it should be comparatively hard on setting. If 
lead is used a small admixture of antimony hardens it and 
a little bismuth causes it to expand on setting. It is some- 
times asserted that the rope itself ought to yield a result 
better than the total strength of the wires because the 
wires as they lie in the ropes are inclined to the axis, and 
therefore present an area to the axial pull greater than 
the area on a section at right angles to the axis of the wire. 
The rope, however, must not be regarded as a rigid bar of 
the metal, and though the wires are to some extent 
supported in position, the pull is necessarily axial to the 
wires and not to the rope. If the wires were not supported 
laterally the opposite effect would be produced of the 
tension in the wires being greater than tne axial tension 
on the rope. The conditions would appear to be analagous 
to the case of a wire passing over a pulley, when the 
tension is sensibly constant at all points of the wire. 

135. The Testing: of Wire. — The difference between a wire 
and a larger bar of the same material is not in size alone, but 
in the condition of the metal forming the wire, a condition 
caused by the process of manufacture. The effect of wire- 
drawing, as opposed to rolling, is to produce a condition 
of greater hardiiess than the original metal from which the 
wire has been produced, and also greater tensile strength. 
This artificially produced hardness may be made to dis- 
appear by annealing after wire-drawing, but the tensile 
strength may or may not be reduced to the strength of the 
original metal ; in some cases annealing lowers the strength 
below that of the original metal. 

The tests to which wire is usually subjected, in order to 
obtain definite information as to its strength properties 
are three in number, and are as follow : — 

(a) Repeated bondings through a definite angle. 

(b) Torsion or twisting tests. 

(c) Ordinary tensile tests. 

136, Bending Test. — The bending test for wire may 
be carried out in a special piece of apparatus made for 
the purpose, or in an ordinary vice. The jaws of the 
holding vice should be rounded, and made either to 

s2 
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some pre-arranged radius or to a radius equal to the 
diameter of the wire which is being tested. The test 
consists in holding the wire in the vice and then bending 
the portion outside the vice backwards and forwards 
through a constant angle until fracture takes place, the 
number of bendings before fracture, the radius of curvature 
of the jaws, and the angle through which the bending has 
taken place being noted. To give the reader an idea of 
what occurs, it may be stated that a piece of iron wire 
about one-tenth of an inch in diameter, when bent at 
right angles backwards and forwards over jaws having 
radii of 0-4 in., fractures after about twenty bendings. 



137. Toraion Tests lor Wire.— The torsion test consists in 
holding a certain definite length of the wire in such a way 
that one end is tirmly fixed and the other end is twisted 
with respect to it until fracture takes place. Special 
machines are used for this purpose. A typical example is 
shown on Fig 125. This machine is made by Messrs. 
Denison, of Leeds. The grippers for holding the ends of the 
wire are automatically self-tightening. The end of the wire 
on the left is prevented from rotating while the rightrhand 
end is twisted by means of the hand-wheel until fracture 
has taken place, a counter being provided for the purpose 
of ascertaining the total number of revolutions through 
which the wire has been twisted. The piece of wire is of 
a certain definite length, and it is often specified by buyers 
of wire that it must be able to withstand a certain number 
of twists on a certain length before fracture takes place. 
For instance, a piece of good crucible steel wire. Sin. 
in length, and No. 20 B.W.G., requires over 100 revolutions 
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to produce fracture. The initial tension on the wire should 
be noted if possible, 

138. Tensile Tests of Wire.— This test consists in break- 
ing the wire under a tensile load, with or without a 
measurement of the ultimate elongation. There are a great 
variety of machines on the market for the purpose of testing 
wires in tension. A simple form of the machine, previously 
illustrated (Fig. 37), made by Messrs. Bailey, is largely 
used on account of its ease of access and convenience 



in handling. A useful single lever vertical machine, 
made by Messra. Denison, of Leeds, is shown on Fig. 
126. The holding wedges are finely cut, and are 
provided with the makers' patent arrangement by which 
they are under control, and are both advanced, or both 
receded together. This arrangement enables the wire to be 
taken hold of very easily and quickly. The stretch of the 
wire is taken up by a worm-wheel and rack gear, which is 
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provided with a quick return motion in order to save time. 
The ultimate elongation of a definite length of the wire 
may be most accurately found by making two marks on 
the wire at the required distance before the test, and 
measuring the elongation on the two broken halves when 
placed together after fracture. Sometimes this is measured 



during the progress of the test by a measuring apparatus 
supplied mth tne machine. This particular machine has 
a maximum capacity of 1,0001b. A somewhat similar 
Eoachine by the same maker's is shown on Fig. 127. This 
machine is made with capacities of 6,000 lb. and 8,000 lb.. 
The straining is effected by means of a worm-wheel and 
screw gear arranged in two speeds, one being 15 times as 
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fast as the other. This fast gear is used for light wire 
testing. An automatic arrangement is provided, by means 
of which the poise-weight is carried outwards along the 
beam by the falling of a weight. This automatic motion 
only comes into action when the beam is raised above its 
normal position by the pull on the specimen. This 
releases the escapement wheel, which will be seen at the 
end of the beam, and the weight is allowed to move the 
poise-weight outwards, and so increase the stress, and with 
it the strain. 

139. The Testing: of Fibrous Ropes. — Like wire ropes, 
Topes made of Russian, Italian, Manilla hemp, or 
ootton are all somewhat difficult to handle in a testing 
machine, on account of the fact that there are few 
really satisfactory ways of holding the specimens. The 
length tested may vary from 18 in. to several feet and is 
practically limited by the capacity of the testing machine. 
Of arrangements for holding the ends it is found that both 
knots and splices are practically useless, as when either of 
these is used the fracture of the rope nearly always takes 
place at or close to the knot or splice, as the case may be, 
and not in the body of the rope, which is what is desired. 
The failures of this kind of holding seem to be due to the 
sharp curvature of the rope itself, fracture taking place in 
a manner analogous to the failure of a beam. 

Unwin recommends the attachment used by Kortum 
for the purpose of holding the ends of a piece of fibrous 
rope in a testing machine. This is shown on Fig. 128. The 
holder consists of an outer shell terminating at its upper 
end in a loop by which attachment is made to the shackle 
of the machine. The body of this shell is made taper, 
with the smaller diameter at the outer end. Fitting this 
taper portion are two gripping wedges, shaped to fit the 
socket, so that as they are drawn outwards they close 
inwards. These wedges are also made to taper in the 
opposite direction on their inside surfaces, which are 
provided with a number of sharp teeth, so as to penetrate 
the rope as the wedges are drawn together. When the 
rope has to be gripped for testing it is only necessary to 
insert it in the holder and then draw it tight. By this 
action the wedges are drawn downwards and close in upon 
the rope, the gripping beinor tighter at the outer free end 
than further down, so that the grip on the rope increases 
from the top downwards. According to Professor Unwin, 



262 



TESTING OF FIBROUS ROPES. 



this form of fastening has been used satisfactorily for both 
fibrous and wire ropes.* 

An effective method of holding is obtained by the use 
of a conical socket similar to the one used for wire ropes. 
One of these is shown on Fig. 129. The end of the rope 
must be provided with an enlarged end, either by forming 
a " turk's head " upon it, or by unravelling the portion near 
the end and knotting the various yarns together. This 
is shown at A. The space between this enlargement and 
the body of the rope may be filled in by a wrapping of 
rope yarn, as at B. If this form of holder is carefully 
made it will be found that failure will take place in the 
body of the rope. 





Fig. 128.— Kortum's Rope 
Shackle* 



Fig. 129.— Rope Socket* 



It has been found that if a number of specimens of 
varying length are taken from the same piece of rope* and 
tested, that the shorter ones yield the higher results ; this 
point should be borne in mind when selecting lengths for 
test pieces. The length of the fibre, which is from 2^ ft. 
to 3J ft. in length in a hemp rope, has probably some 
influence on the difference of strength on long and short 
pieces. 

* Unwin, *» Testing," p. 184. 
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The following is an example of a test of a hemp rope : — 

Test op an Italian Hemp Rope. 



Circumference. 
Inches. 


Sectional Area. 
Square Inches. 


Breaking Load. 
Tons. 


Breaking Stress. 

Tons per 
Square Inch. 


4-5 


1-62 


7-23 


4-47 



Of course it must be remembered that this sectional 
area is only nominal, and does not refer to a solid section 
but to the area of the circle representing the outer 
circumference of the rope. 

TESTING OF METALS AT ABNORMAL 

TEMPERATURES. 

140. It is important in some cases to test samples of metals 
at temperatures either above or below the normal tempera- 
ture of the atmosphere, in order to discover their properties, 
at the temperatures at which they may be expected to be 
used under the ordinary conditions of working. Examples 
of such are to be found in copper and bronze fireoox 
stays for locomotives, and steel which is to be used for 
boiler making. These are cases of parts of structures 
exposed to high temperatures ; the axles of railway 
vehicles are to some extent affected by exposure to frost, 
and tests of these at temperatures below tne normal have 
been made. 

141. High and Low Temperature Tests. — It is known 
that many metals, when exposed to temperatures much above 
the normal, are affected to a considerable extent as regards 
their strength properties. The gradual increase in the 
pressures, and consequently the temperatures at which 
steam boilers are worked makes the testing of metals at 
high temperatures most important. 

The objects to be aimed at in carrying out a test of 
this kind satisfactorily are : — 

(a) The application and measurement of the loads on 
the test bar. 

(6) The maintaining of the bar at a uniform and pre- 
arranged temperature during the whole of the test. 
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(c) The provision of means for reading this tempera- 
ture. 

(d) The provision of means whereby the extensions of 
the bar can be ascertained during the test. 

The same are true for low temperature tests. 

The application and measurement of the load is effected 
in the usual way, in some cases the holding shackles being 
attached to the test piece outside the heating apparatus, 
while in others the test bar is attached to the ends of two 
special bars which themselves pass into the heating bath. 

In order to maintain the oar at the required uniform 
temperature the usual plan adopted is to have it immersed 
in a bath of some liquid which can be kept at any desired 
temperature. The liquid used may be oil of high flashing 
point, if the required temperature is not to be above about 
570 deg. Fah. ; while, for higher temperatures, an alloy 
must be used, such as one consisting of tin and lead. 

The temperature of the fluid in which the test bar is 
immersed, and consequently of the bar itself, may be 
measured by means of a high temperature mercury thermo- 
meter. Up to a temperature of about 600 deg. Fah. the 
ordinary type of thermometer may be used, but for tem- 
peratures beyond this a thermometer having compressed 
nitrogen above the mercury column is necessary. 

Where extensions of the test piece are to be taken 
during the progress of the test, two measuring pieces must 
be attached to the bar, one at each end of the measured 
portion, these pieces protuding from the liquid and the 
measurements taken direct from them, it being assumed 
that two points on these are separated to precisely the same 
extent as the two points on the bar itself. As the specimen 
will contract laterally as well as extend under the load, the 
measuring pieces must be attached to the bar through 
spring clips so as to compensate for the contraction. 

One form of vessel for maintaining a test bar at a high 
temperature during a tensile test is shown in section on 
Fig. 130.* This is the apparatus used for testing firebox 
stays at the Midland Locomotive Works, Derby. The 
testing machine is here a horizontal one, made by Messrs. 
Whitworth. In the figure the bar which is being tested 
is marked D, and it is connected to the shackles of the 
machine through two bars C C. These pass into the heating 
tank A, through two stuffing boxes B d, so that there can 
be no escape of the fluid from the box, and at the same 

 Proc. iDst. Mech. Eog., 1898. 
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time allowance is made for tbe free extension of the bar 
during the test. The casing is filled with a mineral oil 
having a high flashing point, this oil being maintained at 
the required temperature by means of a Bunsen burner 
placed under the casing. In this arrangement there is no 
provision for measuring the stretch of the bar during the 
test, but there would be no difficulty in attaching two 
small projecting pieces from which the measurements 
eould be taken. In order to preserve the temperature 
uniform throughout the oil, a perforated stirrer, E, 
provided. 



IS 



Tensile Test of Locomotive Fire-box Slavs under heat. 




Transverse Section on line X 




3 



Fig. 130. 



For testing of this kind a horizontal machine is much 
better than one of the vertical type, because it is much 
more easy to maintain the fluid at the required tempera- 
ture, when the source of heat can be applied beneath the 
vessel than when the heat has to be applied through the 
walls of a vertical vessel, and, moreover, less difficulty 
is experienced in maintaining a fluid-tight joint, where the 
bar or the holding shackle passes into the vessel. It is also 
more convenient to work witn a permanently fluid substance, 
such us mineral oil, than to have to make use of an alloy 
of lead and tin, which, of course, becomes solid at the 
normal temperature. Where an alloy of this kind has to 
be used it will be necessary to melt it in a separate vessel, 
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and to pour it into the casing when the test bar has been 
placed in position for the test. When the test is complete 
the alloy must be poured out a^ain before it has time to 
solidify. Owinff to the fact that there is little free convec- 
tion of the fluid in the case of an alloy, it is not easy to 
preserve a uniform temperature at all points. 

For low temperature tests, a freezing mixture must be 
used in place of the hot fluid. 

Experiments were made on the effect of temperature 
on the strength of metals as long ago as 1856, by Sir 
William Fairbairn, who tested iron for boiler plates and 
rivets at temperatures varying from 30 deg. Fah. to 435 deg. 
Fah.* These tests were carried in an extemporised vertical 
testing machine of the single lever type. The specimens 
tested were reduced in cross-section at the part exposed to 
the heating and cooling influences, so that fracture at that 
point was rendered certain. The rod coming from the 
lower shackle and attached to the lower end of the speci- 
men was made to pass through the bottom of vessel 
containing the heating fluid, in the case of hot tests. In 
the box was a quantity of oil or water which was kept at 
the required temperature by means of a fire grate placed 
beneath and around it. The position of the test bar was 
such that the part upon which the test was to be made was 
immersed so as to be throughout the test kept at the 
temperature of the fluid. For the tests in which the 
temperature was maintained below that of the surrounding 
atmosphere, the hot liquid was replaced by a freezing 
mixture. 

A number of tests have been more recently made by 
Mr. Thomas Andrews-f- on railway axles at both high and 
low temperatures. In the cases where these axles were 
tested whole under a falling load, they were first exposed 
for an hour to either the cooling action of a freezing 
mixture or to the heating effect of the warm bath. When 
an axle was to be tested it was immediately lifted out of 
the bath by means of a small crane, placed in position, and 
the test carried out at once. As the axles were relatively 
large masses of metal, and the test was carried out imme- 
diately after being lifted out of the bath, there was little 
change in temperature. The tests were carried out at two 
distinct temperatures, namely, the cold tests at 7 deg. 
Fah. and the warm tests at 120 deg. Fah. The freezing 

* Brir.. Asso. Report, 1856. 
t Min. Proc. Inst. C.E., Ixxxvii. and xciv. 
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mixture used by Mr. Andrews consisted of two parts by 
weight of snow or powdered ice and one part of salt, while 
the heating was efifected by exposing the axles in a bath of 
warm water. In some more recent tests at Cornell 
University a bath of alcohol was used, into which was 
sprayed liquid carbonic acid, by which means a tempera^ 
ture as low as 70 deg. below zero Fah. could be maintamed. 
Experiments to the same end have been made by M. 
Knut Styffe, of Stockholm, Mr. Sandberg, Mr. Webster,* at 
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Fig. 131.— Load Strain Diagram for Steel Bar, Tested at 650 deg. Fah. 

the Watertown Arsenal, the Berlin Testing Laboratory,^ 
and a number of other laboratories. The published results of 
these tests accord fairly well, and show that wrought iron 
after slightly decreasing in strength to about 250 deg. Fah. 
reaches a maximum oi strength at about 500 deg. Fah., 
and from this point steadily decreases in strength as the 
temperature is further increased. Steel exhibits much the 
same properties, reaching a maximum of strength at some- 
where about 500 deg. Fah. Copper and the bronzes- 
decrease in strength continuously as the temperatures are 
increased. 

The effect of a high temperature on wrought iron and 
steel bars under a tensile test is curious as regards the 
extensions. Whereas, at the normal temperature, the 

* MiD. Proc. Inst. C.E., Ix. 
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extensions take place steadily and gradually, producing a 
smooth load-strain curve, it is noticed that at certain high 
temperatures the extensions take place suddenly, in jerks, 
and the free end of the weighing beam of the machine is 
seen to drop on to the lower stop and remain there for a 
few moments, as if the maximum load had been reached, 
when it is again seen to be raised and the bar carry the 
load as before. On the extensions being measured during 
the test in the usual way and a diagram plotted, this will 
have the form indicated on* Fig. 131. As iron and steel 
have a maximum strength at about i500 deg. Fah., and if 
it bar of one of these metals is tested to destruction at about 
this temperature, it follows that the bar always breaks at a 
point outside the fluid, that is, if the bar is parallel in form. 

The following tables of flashing points of a number of 
oils and melting points of alloys may be useful in selecting 
3, suitable one tor the heating bath : — 



Oils. 



Flashing Points. 
Deg. Fah. 



Cotton seed 

Lard 

Rape 

Olive 

Castor 

English mineral 
American „ 
Russian ,, 
Scotch 



»» 



550 to 565 

570 „ 585 

565 „ 580 

550 „ 565 

535 „ 545 

350 „ 400 

340 „ 390 

323 „ 380 

300 „ 350 



Melting Points of Alloys of Tin and Lead. 



Tin. 


Lead. 


Parts by Weight. 


Parts by Weight. 


150 


100 


100 


100 


57 


100 


50 


100 


33 


100 


25 


100 


16 


100 


10 


100 


4 


100 



Melting Point. 
Deg. Fah. 



330 
370 
420 
440 
480 
500 
520 
540 
560 



* Johnson's «< Materials of Construction." 
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The writer has found the alloy of equal parts of lead 
and tin, by weight, melting at 370 deg., to be a convenient 
mixture. When an alloy is used, a mercury thermometer 
may be used for the temperatures, the thermometer being 
kept in the fluid metal, and the temperature noted 
frequently, and at various points. Care must be taken 
that the metal is not allowed to solidify when the 
thermometer is in it. 

THE TESTING OF CHAINS. 

142. In no branch of engineering constructive work is 
careful and thorough testing of more importance than in 
the case of chains. This is due partly to the fact that in 
many cases the failure of a chain may be attended with 
injury to, or loss of, human life, and also because chains 




Fig. 132 Short Link Chain. 

are made uj) of a number of separate parts, each of which 
contains a joint, and the fracture of any one of these 
separate pieces will probably cause the failure of the 
whole chain. The kind of chain which is most frequently 
used for haulage and lifting purposes is the ordinary 
" short link " iron welded chain ; a sketch of one of the 
links of a chain of this kind is shown on Fig. 132. The 




*-— 






Fig. 133 Long Link Chain. 



proportions of these links are as follow : The total outside 
length is four and a half times the diameter of the iron 
forming the link, and the greatest outside width is three 
and a quarter times the diameter. There is also the long 
link chain, shown in Fig. 133. For some purposes the 



270 



THE TESTING OF CHAINS. 



stud-link chain is used. Besides these there are a number 
of smaller chains, such as the " single jack," " double 
jack," and the American " Triumph " chain (shown 
respectively at A, B, and C, Fig. 134), all of which have 
their special uses. 




D 



B 





Fig. 134.— a, Single Jack Chain ; B, Double Jack Chain ; 

C, "Triumph" Chain. 

The chains which most frequently have to be tested are 
the ordinary short link welded and the long link chains. 
The tests to which a chain is subjected are as follow :^— 

(a) Tests require to be made of the material of Avhich 
the cnain is composed, in the form of bars. 
These tests are simply tension tests carried out 
in the ordinary way. The results required are 
the maxiniuvi stress, the percentage elongation 
on a given length, and the reduction in area. 

(h) Breaking tests of a given specified length of the 
finished chain, often on 36 inches. The 
measurements taken are the breaking load, and 
the extension on the given length before fracture 
occurs. 
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(c) The chain as a whole is also tested up to some 
specified proof load, the extension under this 
proof load being measured. 

The two first-mentioned of these tests are usually 
carried out in an ordinary testing machine, while the 
tests under proof loads are made in tension machines 
specially designed to accommodate pieces of chain of 
considerable length. 

There is no difficulty about holding a chain specimen 
in the machine. In the absence of special holders a 
piece of bar iron or steel a little larger than the material 
of the chain may be bent hot into a U shape, threaded 
through the end link of the sample, and gripped by the 
ordinary wedge dies which are used for flat specimens. 
This is a simple and perfectly effective method oi holding 
the ends of the short length of chain. The arrangement 
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Fig. 135.— Holder for Chains. 

is shown on Fig. 135. Extensions are measured between 
two centre-punch marks placed respectively on the middle 
of each of the outside links of the length to be measured, 
the actual measurements being made with a pair of 
trammels or beam compasses. 

When a short lengtn of chain is tested to destruction 
the links become elongated after the elastic limit of the 
metal has been passed, and failure generally takes place by 
the breaking of one of the links at an end, where the 
curvature is greatest, and most likely at the point where 
the weld is. Before actual fracture takes place many of 
the links begin to show signs of weakness, this being 
most noticeable in the partial opening of the welds. The 
elongation is often measured at the proof load, and also at 
the maximum load, and the elongation due to the increase 
of load between these points quoted in the report. 

The testing of chains under the specified proof loads is 
generally carried out on long pieces of the actual chain, 
the loads applied not being such as to permanently 
damage it, but at the same time being sufficient to bring to 
light any defects which may exist either in the material of 
the chain or in the weld joints of the links. For instance. 



272 THE TESTING OF CHAINS. 

the proof stress insisted upon by the Admiralty is that the 
chain shall be subjected to a stress of 7*65 tons per square 
inch of the total cross section of the link. If the chain is 
made from 1 in. iron, the area of cross section of the link 
is 1*57 sq. in., which gives a total proof load of 7*65 by 
1*57, or 12 tons. When the proof load has been put upon 
the chain every link is carefully examined in order to find 
out if any of the joints have shown a tendency to open, or 
whether the metal has exhibited any flaws or signs of 
weakness. Tests of this kind are carried out in special 
machines. One of these, made by Messrs. J. Buckton and 
Co., is precisely similar in principle to the horizontal 
compound lever machine by the same makers, Fig. 34, 
p. 85. In the case of the chain tester the frame G is 
replaced by a cast-iron trough 88 ft. long and 2 ft. wide. 
One end of the chain to be tested is attached to the cross- 
head, which is linked to the short end of the lever by the 
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Fig. 136.— Buck ton's 250-Ton Chain Tester. 

links K. The attachment is made by means of a pin 
slipped through the last link of the chain. The other end 
is fastened to the crosshead H, fixed at some point in the 
trough, according to the length of chain to be tested. The 
capacity of this machine, which is in use at the Horwich 
Locomotive Works, is 100 tons, and the greatest length of 
chain which can be tested is 82 ft., and the shortest 4 ft.* 
A machine of larger capacity, supplied by Messrs. 
Buckton to the British Admiralty, is shown on Fig. 136. 
This machine is capable of testing a cable up to a length of 
90 ft., and to a load of 250 tons. The gearing to the right 
is for testing shafts in torsion up to 3 in. diameter, and 
at a load of 300,000 inch pounds. 

Another machine of smaller capacity, and portable, 
is shown on Fig. 137. One end of the chain is fixed 
to a movable crosspiece between the two girders shown, 
and the other to the right-hand crosshead which is 
linked to the hydraulic ram. The water under 
pressure is supplied by a hand-pump, and the load upon 
the specimen is indicated by a pressure gauge. The 

* Engineering, October 9th, 1891. 
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maximum load which this machine is capable of is 
100,0001bs., and it will test chains up to 5ft. long and 
lin. diameter. The machine is made by Messrs. Green- 
wood & Batley. 

In some cases, in addition to the tests which have 
been mentioned, links are cut from the chain, opened, 
and straightened under heat, and afterwards tested as 
bars in the usual way. After the inspection under the 
proof load any defective links should be taken out of the 
chain and replaced by sound ones. 

The following is an example of a complete test of 
a lin. iron chain intended to be used for lifting pur- 
poses : — * 



Test of thk Bab Iron. i| Test of a 36in. Length. 



Proof 
Load. 



Diameter. 



lin. 



sq. in. 



23 



30% 



Redac- 
tion 
in area. 



48°^ 



Breakingi^Jf*^/^^, Elonga- 
load. T,!?f®!f- tionon 
Tons. i^S^'iS I 36iii- 



31-8 



19-1 i 8Jin. 



Tons. 



12 



TESTS FOE HAEDNESS. 

143. The hardness of a metal may be best de- 
scribed as the resistance which the particular metal 
offers to permanent strain or plastic deformation, it 
being understood that brittle metals, such as cast iron, 
do not come within this definition. Various means 
have been employed by which to determine the relative 
hardness of different substances. Of these, some of 
the earliest methods employed were made to depend, 
either upon the possibility of one substance being able 
to produce a scratch upon some other substance, or upon 
the relative ease with which a standard substance would 
produce a scratch upon the material in question. Another 
kind of test for hardness is made to depend upon the 
volume of a standard body which can be forced into 
the surface of the given material by the application 
of a standard load for a given length of time. In 
the method used by Col. Eodman, of the United States, 
the quantity of material displaced by the expenditure of 
a standard quantity of mechanical work in forcing a hard 
steel diamond point into the material to be tested was 

^Engineer, October, 1888, p. 365. 
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measured. By this means a scale of relative hardness 
was determined. The work done in causing the point 
to penetrate the metal was obtained from a falling 
weight. This method was also employed by Lieut. -Col. 
Martel, who has obtained the following values for the 
relative hardness of a number of metals : — 

Table op Eblative Hardness According to the 

Martel Scale. 

Metals. Relative Hardness. 

High carbon steel, hardened 613 

High carbon steel, not hardened 460 

Medium steel, hardened 455 to 300 

Kolled wrought iron 226 

Cast iron 300 to 208 

Bronze, cast in sand 137 

Copper, rolled 156 

Copper, annealed 64 

Tin, cast 33 

Lead, cast 9 

A convenient form of test for hardness, also depending 
upon the indentation of the material, has been devised by 
Professor Unwin.'*' In Unwinds test, an indenting tool of 
hard steel having the form of a knife edge is used, and the 
indention is produced by a steady load on a short bar of 
the metal to be tested. Provision is made for the 
measurement of the amount of the linear indentation 
produced by a series of loads, and from these observa-. 
tions a constant is determined which is taken as the 
measure of the hardness of the metal. 

On Fig. 138 is shown the arrangement of the apparatus 
used by Professor Unwin. This consists, in the first 
place, of the two blocks marked respectively A and B. Of 
these, A is a plunger loosely fitting into the cast-iron 
block B. The whole rests between the compression plates 
of the testing machine, by which the plunger is forced 
downwards. At the lower surface of the plunger is a 
triangular groove forming the seating in which rests 
the indenting tool C, which consists of a short piece of 
square steel, hardened and ground. The test-piece is 
marked C in the figure, and usually consists of a piece of 
the material 2iin. long and fin. square. By means of the 
vernier and scale shown, the relative movement of the 
plunger and the base block can be measured to 1,000th of 

*Min. Proc. Inst. Civ. Eng. Vol. CXXIX., p. 334. 
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an inch. A careful determination of the compression of 
the apparatus itself under different loads makes it possible 
to take the relative movement of the plmiger and the 
block, minus this compression, as the amount of linear 
indentation or penetration of the tool into the test-piece. 
From a series of preliminary tests Professor Unwin found 





Fig. 138. — Uxwik's Gear fob Hardness Tests. 

that the relation existing between the indentation and the 
load producing it is expressed by an equation of the 
following form : — 

where i is the depth of the indentation in inches, jpis the 
pressure per inch width of the knife edge producing the 
indentation, and C is a constant depending upon the 
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material tested. This value is taken as the measure of 
the indentation hardness of the metal tested. Writing 
this equation in the form 



a'a 



it will be seen that p and i can be measured during the 
test, the index 1*2 being practically constant for all ductile 
metals. 

The actual value of this index was found by Professor 
Unwin by plotting curves showing the relation between 
the logarithms of the indentations and the logarithms of 
the loads per inch of width of the indenting tool, and 
finding the slope of the straight line, which form the curve 
takes. By using this test Unwin has made it possible 
to make actual quantitative tests of the hardness of 




-^^ 



-3f^m^^ 



g 



/ 



/ 



■i ■' 




Fig. 139. 
Admiralty Hardening and 
Cold Bending Test. 



Fig. 140. 
Admiralty Hot Bending Test for 
Wrought Iron. 



various metals, in the place of simply establishing scales 
of relative hardness. The following is a table of some of 
the values obtained : — 

Hardness. 

Metal. Values of C. 

5540 

143-5 

620 

105-2 

2210 

246-0 

41-8 

103-5 

4-2 

40-8 



Cast steel, normal 

Mild steel, normal 

Copper, annealed 

,, unannealed .. 
Brass, No. 1 

„ No. 2 

Aluminium, squirted .. 
,, alloy, cast 

Lead, cast 

Zinc, cast 
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SHOP TESTS OF lEON AND STEEL. 

144- In addition to the tensile, compressive, and 
cross-breaking tests which have been described, the pur- 
chasers of iron and steel for structural purposes are in the 
habit of insisting upon certain other tests being under- 
gone by samples of the metal. These further tests are 
such as can be carried out without the help of any special 
machinery by means of ordinary appliances such as are 
available in any forge. Many of these tests are also 
insisted upon by such authorities as the Admiralty, 
Lloyd's, and the Board of Trade. These include hot and 
cold bending tests, drifting tests, drop tests, and smithy 
tests. 

145. Cold Bending: Tests. — There is no more useful 
test applied to wrought iron and steel than the 
bending test. It is easily and quickly performed, and it 
can be carried out in the manufacturer's works. This 




J 



Fig. 141. — Admiralty Cold Bending Test for Wrought Iron. 

test must not be confused with the cross-breaking tests 
which have already been described. It consists in simply 
bending a strip of the materal, either until fracture takes 
place — and at the same time noting the angle to which it 
has been bent — or in bending the strip through a specified 
angle, to a certain radius of curvature, and noting whether 
or not the outer fibres have shown any tendency to crack 
or fracture. If the material is satisfactory from the point 
of view of this test, there should be no such cracking of 
the metal. The actual testing may be eflfected best by 
means of an hydraulic press, the bending being made over 
a mandrel of given diameter, or a steam or sledge 
hammer may be used, preferably the former. Bending 
under a gradually applied force is far more satisfactory 
than bending under blows. In some cases screw vices 
are used. 

Unfortunately these tests are not sufficiently stan- 
dardised to make them very useful in appljdng a rigid 
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comparison to metals by different makers, each authority 
having its own particular requirements. In these tests 
no load is measured, as they are simply for the purpose 
of ascertaining the ductility and endurance. 

As illustrating what kind of requirements are specified, 
it may be stated that the rules laid down by the British 
Admiralty are as follow : Test for — 

Steel Plates. — ** Strips cut lengthwise of the plate, l^in. 
wide, heated uniformly to a low cherry red, and cooled in 
water at 82° Fah., must stand bending in a press to a 
curve of which the inner radius is one and a half times 
the thickness of the plated tested." This heating and 



O 




Fig. 142. 

Best Wrought Iron and Mild 

Steel, Bent Close. 



Fig. 144, 

Nicking and Cold Bending 

Test. 



quenching is to discover if there is any tendency to 
harden. 

Lloyd's rule also says: ** Strips cut from plate, angle, 
or bulb steel to be heated to a low cherry red, and cooled 
in water of 82° Fah., must stand bending double round 
a curve of which the diameter is not more than three 
times the thickness of the plates tested." See Fig. 139. 
The Board of Trade requirements are the same. 

Iron Plates. — For iron plates the Admiralty test is 
as follows : Hot, to be bent from 90° to 125°, without 
fracture, as in Fig. 140 : in this figure and the next one 
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the angle is denoted by 6, Fig. 141 : Cold test, to bend 
without fracture to the following angles : — 





Lengthways. 


Crossways 


lin. plate 


10 to 15 deg. 


5 deg. 


Jin. „ 


.,.. 20to25 „ 


5 to 10 „ 


iin. „ 


30 to 35 „ 


10 to 15 „ 


?in. „ 


55 to 70 „ 


20 to 30 „ 



The same plan is adopted by private purchasers, and 
in the case of both iron and steel plates and bars it is usual 
to specify that a specimen of required size must be able 
to stand bending back upon itself — that is, through 
180° over a bar of certain radius, generally one and a 
half times the thickness of the plate or bar, without 
showing any signs of cracking. In some cases specimens 
from steel plates and bars are bent close upon them- 
selves — that is, with no internal radius of curvature at 





Befobe. Afteb. 

Fig. 143.— Dbifting Test. 



the bend, without signs of cracking. Fig. 142. If the 
specimen begins to crack at a less angle than the specified 
one, which may not be necessarily 180°, the angle at 
which this takes place is noted and given in the report. 

146. Drifting: Tests. — A good test often applied to 
mild steel is that of drifting out a hole of specified size to 
one much greater. When this is done, any lack of ductility 
is at once shown by the cracking of the edges of the hole 
so drifted. A usual drifting test is to punch or drill a 
hole fin. diameter in a piece of the metal 4in. or 6in. 
square, and enlarge this hole by forcing in a circular drift 
with a ten-to-one taper until the hole has been enlarged to 
IJin. diameter. This is seen on Fig. 143. When tested 
under these conditions, if the metal is not sufficiently 
ductile, either the plate will be split clean across or small 
local cracks will appear around the edges of the hole. 
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147. Drop Test. — This is a test to which steel rails and 
steel tyres are subjected. When applied to steel rails it 
consists in supporting the 24ft. length of the rail on bear- 
ings 3ft. apart and situated at equal distances from both 
ends. A cast-iron weight of half a ton is raised to a height 
of 15ft. above the rail, and allowed to fall on its middle. 
The effect of this blow is to produce a certain amount of 
permanent set in the form of deflection, and this is not 
supposed to exceed a certain amount for the first blow, 
such as 2Jin. 

A similar test is applied to steel tires for rolling stock. 
The tire is allowed to rest between supports and a weight 
of one ton allowed to fall upon it. The drop is repeated 
from increasing heights until a specified deflection is 
produced. This may be two inches for every foot of its 
internal diameter. 

148. Smithy Tests. — Many useful tests are made 
upon wrought iron and steel by the smith. 

For wrought iron a common test is that shown on 
Fig. 144. Here the bar or strip is nicked and then bent, 
the fibrous or non-fibrous nature of the specimen being 




Fig. 145.— Ramshorn Test fob Ibon. 

exhibited at the fracture. For good wrought iron the 
fracture should show a silky fibre. Another is the 
Kamshorn test (Fig. 145) . Here the strip is split at the 
end and turned over, and also a hole is punched and 
drifted. This is done when the metal is hot. 

Another test is to twist a strip through a certain 
number of turns without fracture. These are only a few 
of the maiiy miscellaneous tests that are applied to bars, 
plates, and samples of sectional iron and steel, but they 
will serve to indicate in what direction these are carried out. 



Chapter IX. 

THE TESTING OF STEUTS OE PILLAES. 

149* The testing of short cylindrical specimens in 
compression has already been described in detail. In the 

case of these, the ratio of-j^^ — . is purposely made small, 

usually not exceeding 3 : 1, or, better still, 2:1, in order 
that failure may take place by crushing alone. Here the 
relation between the load and the stress developed in the 
material is a simple one : — 

where /c is the compressive stress per unit area, P the 
total load, and A the area of the cross-section. The 
most important point to be determined from such a test 
is the value of /c, corresponding to the elastic limit in 
compression. 

When the length of the specimen is increased much 
beyond the above limits, the relation between load and 
stress becomes less simple. Imagine a compression speci- 
men in which the length is very great relatively to the 
diameter, say 200 to 1. If this is placed between the 
compression plates of a testing machine, and a load 
applied directly along its axis, common experience will 
indicate that, when the load has reached a certain value, 
the bar will begin to bend, and the deflection will 
continue to increase until the extreme fibres have passed 
their elastic limit, when collapse will rapidly ensue. 
These cases form the two extreme limits which are found 
to exist for compressive loading, that is, when the pillar 
is relatively short, failure takes place by crushing alone, 
the stresses due to bending being inappreciable ; while, in 
the second case, where the length is very great in propor- 
tion to the diameter, failure is due to the bending action, 
the stress caused by the crushing being negligible. 

The actual conditions in what may be called pillars, 
or columns, or struts, in practice, such as the struts in 
framed structures, connecting rods, and pillars in build- 
ings, lie between the two limits which have been indica- 
ted. Various formulas have been devised to meet the case. 

For short pillars, the formula is — 
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For very long pillars, where the ratio of length to 
diameter is greater than 150 to 1, the true relation is 
given by Euler's Formula*, which is as follows : — 



* Proof op Euler's Formula. 

In Fig. 146, A D B represents the axis of a strut, carrying a load 
P, originally applied in an axial direction, and causing the pillar to be 
deflected at its centre D an amount d. 

Let y be the deflection at any point 0. At 





M= -Py (see ** Deflection of Beams ") 
EI 




- H 




-^^ dx^' 


therefore, 


Py _ d^ 
Ei dx^' 


Now, integrate, 


Py dy dy d^y 

EI dx ax dx^ 




ii^-^m-" 


putting 


%"■<"!,?■"' 


Therefore, 


/. (- <^) - (2)'. " 




V^ J '^ v«^ - y^ 


Integrating again, 


«= - V p'^ s^~''- a + ^> 


when 


x = Of y = Of and 


therefore. 


A = 


So that 


V£ = sin-^. y 


or 


y=^i Sin ( V^) ' 


this is the equation 


to the sinusoid, or elastic curve. 


When 


x= j,y = df 


so that 


^ = M4V/,); 


that is to say 


^^EI 2' 


« 


P P t2 




4: EI- 4' 


or p ^'EI 
which is Euler's equation. 
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Here P is the collapsing or. buckling load, E is the modu- 
lus of elasticity of the material, I is the moment of inertia 
of the section, and I the length of the strut. The mean- 
ing of the equation is that if P is greater than 

ir'EI 



the strut will collapse. 



fi 




*-r-->!o ^ 



I 




k 



p 

Pig. 146. 



In the above form, it refers to a pillar which is rounded 
or hinged at the ends. (See Figs. 146 and 147.) 
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If the pillar is fixed at the two ends the formula 
becomes (Fig. 148) 

and, if fixed at one end and rounded at the other (Fig. 149) 



P = 



I' 



When the pillar assumes more nearly the proportions 
usually met with in practice, it fails by combined 
crashing and bending, and neither of these extreme 
formulas holds. 

In this case consider a pillar. Fig. 147, of length Z, 
pivoted or free to revolve at the ends, and subjected to 
a compression load, P. The load will induce a compres- 
sive stress in the material, /c, such that 

^ A 
A being the area of the cross-section of the pillar. 

The pillar will also be bent under the load, this bend- 
ing being immediately caused by the bending moment 
represented by the product of the load on the column P, 
and the deflection, S, which it maintains. It is conceiv- 
able that if the load could be applied truly along the axis, 
of the pillar, and there existed no inequalities in the 
material, no flexure would be produced, and failure would 
take place by crushing. This state of things is not 
possible of attainment, the pillar being in a state of 
unstable equilibrium ; the load is never quite axial, the 
axis is not perfectl}^ straight, and there are always small 
inequalities in the material. So that there is a bending 
moment on the pillar from the time the load first comes 
on. As the load increases, the deflection increases with 
it, and, therefore, the moment also, both by reason 
of the increase of load and of the increase of the deflec- 
tion, so that the bending moment increases more rapidly 
than in the simple ratio of the increase of load. 

This continues until the maximum stress in. the material 
exceeds the elastic limit stress. Various formulas have 
been constructed to express the relation between the 
dimensions of pillars and the loads required to produce 
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collapse. Of these, Euler's formula, deduced from theo- 
retical considerations, is true only for long struts, whose 
ratios of length to diameter are much beyond what exist 
in practice. On the results of the experiments of Eaton 
Hodgkinson, Gordon based his well-known formula; 
Rankine modified Gordon's formula and reduced it to a 
form which is more generally applicable; Johnson has 
devised what he calls a parabolic formula ; and besides the 
classic experiments of Hodgkinson, those of Christie, 
Davies, and later of Considere and Tetmajer have 
contributisd to the determination of the empirical con- 
stants used in these formulas. 




Wf^ 



P 

Fig. 147. 





Fig. 149. 



It will suflice here to indicate the process of reasoning 
leading up to Rankine's formula. 

The pillar, under an axial load P., may be held in 
position in one of three different ways. 

In Fig. 147 the pillar, of length I, is provided with 
rounded ends or hinges, so that there is no constraint. The 
length I is the effective length, and is between the outsides 
of the rounded ends or between the centres of the pin 
joints. 

In Fig. 148 the pillar is shown as being provided with 
feet, by means of which the ends are constrained and 
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prevented from being deflected. At A and B are what are 
called the points of ** contrary flexure,'* the part between 
A and B being in exactly the same condition as the pillar 
in Fig. 147. The length of this portion is one-half the 
total length of the pillar. The same conditions are 
attained if the ends are built in or fixed in any other way, 
so long as movement is prevented. 

The third case is shown in Fig. 149. Here the pillar is 
fixed at one end and free at the other. The point of 
contrary flexure is at A, the length A B being two-thirds 
the total length. 

First consider the case of Fig. 146. Let /. be the 
uniform compressive stress on a cross section of the pillar 
due to the pressure caused by the load alone. This 
will be 

where A is the area of the section in square inches. 

Again, let /b be the maximum stress on the concave 
or compression side of the pillar. Here 

Y I 

(see "Deflection of Beams," par. 14, p. 34). 
Or, 

. MY 

But M=^P,8y where S is the deflection of the middle of the 
pillar from the vertical, and 

. M, V 

o ex 

EI 
So that, substituting, 

- PMV' Y Pl^ 

• 

in this expression, E, the modulus of elasticity, is con- 
stant for a given material ; and I, the ** moment of 
inertia *' =^ A Jc^, where k is the radius of gyration. So 
that, if C is a constant only depending on the material — 

if the total maximum stress be called /, then — 

P PI* 
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wUch. written otkerwise, becomes— 

which is Bankine's formula, / being the elastic limit 
stress in compression for the material in question. 

Here the constant C only depends on the / and E of the 
material. In Gordon's formula, which is similar in form, 
the smallest diameter, d, takes the place of k, the constant 
varying with the section as well as the material. 

It is as follows, the notation being the same as before, 
except that d is the least diameter of the column : — 

p=_ ^f- 



1 + 



'{ir 



Bovey* gives the values of/ in this formula as 80,000 
for cast iron, 36,000 for wrought iron, 67,200 for mild 
steel, and 114,0001bs. per square inch for hard steel ; and 
the values of the constant a : — 

Kind of Section. Cast lion. ^^^* MUd Steel. ^^ 

SoUd Rectangular ^^ ^V?t ^xfeu tAtt 

»» Round :j^ t^Vtf i/do ^hi 

Hollow Rectangular ... -j^ — — — 

„ Round ^^ TTtys 3/00 iftoo 

In Grordon's and Bankine*s formulas I is the length of 
the pillar between the supports. K £r is the length of a 
pillar with rounded or free ends, and I is the length of a 
pillar of similar material and section, but fixed at both 
ends, then for the two buckle under the same load 

l = 2L; 

and for the case of a pillar fixed at one end only and 
rounded at the other. 

These relations will be clear from an inspection of Figs. 
147, 148, and 149. Rankine's formula for the three cases 
then becoming : — 

Both ends rounded, p _ A.f 



*BoYey, "Strangth of Materials." 
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Both ends fixed, p _ A./ 

One end fi>xed and one, p_ A.f 
rounded ~" ^ I~TP 

The values of/ and C are variable to some extent for 

a given metal, but the following values given by Rankine 

and others may be expected to give results which are not 

very far wrong : — 

^ f ^ 

Materials. Pounds Tons 

per sq. in. per sq. in. C 

Cast iron 8,000 35*75 ^^trc 

'34,000 1500 T^iro 

to to to 

(38,000 17-00 T^^ 

Mild steel 67,200 30*00 ^^ 



Wrought iron... 



150. Johnson's Parabolic Formula. — On Fig. 152 
are plotted curves representing graphically the three 
formulas of Euler, Bankine, and Johnson when applied 
to wrought iron pillars. Eatios of Z to Z; are abscissae, and 
buckling stresses in pounds per square inch are plotted as 
ordinates. 

For Euler's curve, the buckling stress 



i=— (1)' 



E being taken as 30,000,0001bs. per square inch. 
For Eankine's curve, 

i f 

A 



'+«a)' 



/, the *' elastic limit'' stress in compression, being taken 

as 36,0001bs. per square inch, and C as ^ 

1^,000. 

The third curve is that of Professor Johnson. It is 
parabolic in form, and is tangent to Euler's curve. The 
general form of Johnson's formula is 



U2 



f-=/-»a)' 
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where / is, as before, the elastic limit stress in compres- 
sion of the material, and a is a constant whose value is 

This value of a is dependent on the fact that the curve is 
tangent to that of Euler. Johnson* has found that this 
agrees very well with the plotted results of tests. Here 
/ = 36,0001bs. per square inch and 

(36 ,000r ... 

^- ^.ir\ 30,000,000 " -^ ^^ 

Professor Johnson gives the following as reliable 
average values : — 
For wrotcght'iron columns^ pin ends, 

(where ^ is not greater than 170) 



2 = 34.000 - 0-67 (I)' 



For wTOught'iron columns, flat ends, 

(where -^ is not greater than 210) 



P 



= 34,000 - 0-43 (j-\ 



a 



For mild-steel columns y pin ends, 

(where -^ is not greater than 150) 



p / 7\2 

A 



= 42^00 - 0-97 ^^Y 



For mild-steel columns, fl^t ends, 

(where ^ is not greater than 190) 



P 



= 42,000 - 0-62 ^-ly 



For cast-iron columns, round ends, 

(where ^ is not greater than 70) 



P 

A 



= 60,000 - ¥(0 



For cast-iron columns, flat ends, 

(where ^ is not greater than 120) 



p 



= 60,000 - f (I) 



* Johnson's " Materials of Construction," p. 362. 
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151. Testing: Columns. — During the test of a strut, as 
the load is increased the pillar is caused to deflect more and 

more until the stress in the external 
fibres, due to deflection and the simul- 
taneous direct compressive load, carries 
the metal beyond its elastic limit. When 
this point is reached the deflection begins 
to increase very rapidly and complete 
collapse by buckling results. 

152. Fixing: Struts in the Testing: 
Machine. — The only really satisfactory 
way of holding struts in the testing 
machine is by having the ends hinged 
or rounded, that is to say, quite free to 
rotate. It is not usually convenient to 
attempt to fix the ends, and this cannot 
be done satisfactorily unless they are pro- 
vided with very large feet, or firmly 
bolted down. 

An easy and simple way of securing 
the freedom of the ends is shown in 
Fig. 150. 

Here the ends are cut square, and 
two pieces of half- round steel are inserted 
as shown. These allow the ends to rock 
freely and effect the same purpose as 
rounded or hinged-ends. Care should be 
taken that the lines of contact coincide 
precisely with the neutral plane produced, as other- 
wise the load will be out of the centre. A better plan, 
but rather more elaborate, is shown in Fig. 151. This 
was first used by M. Consid^re, and also by Prof. 
Bauschinger and Prof. Tejmajer. The latter provide 
the ends of the struts to be tested with knife-edge or cone 
bearings, the edge of the knife edges or the apices of the 
cones being so placed so as to coincide with the geometric 
axis of the pillar, as far as could be judged, without any 
special means of adjustment. 

M. Considere adopted the plan shown in Fie. 151. 
Here the ends of the strut are placed in sockets naving 
double knife-edge bearings on the compression plates of the 
testing machine* The ends of the strut are to a small 
extent adjustable in the sockets by means of screws. In 
testing in this manner, before proceeding with the test 
proper, moderate loads are applied and the direction of 



^ 







Pig. 160. 
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the deflection noted. The end of the strut is now moved 
by the screws in the opposite direction, this process being 
repeated until the deflection is reduced to a minimum 
under the loads applied. This brings the line of thrust 
of the load into approximate coincidence with the axis 
of the specimen, and the test may be proceeded with. 

If knife-edge or conical sockets are used, the edges or 
pointed ends will penetrate the metal of the plates, and it 




Fig. 161. 
Goksid^be's Method op Holding fob Struts. 



is therefore advisable to interpose two small steel plates 
between the edges or points and the plates of the testing 
machine. 

153. Example of a Test of a Wrou^ht-iron Column. 

The following sample of what may be expected to take 
place in a test of a column or pillar is based upon Tet- 
majer's Tests. 
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In the example given the column is of wrought iron, 
having an I section. The dimensions are : — 

Depth of section = 6in. 
Breadth of flanges = 4in. 
Mean thickness of metal = ^in. 
Length between knife edges = 5-46ft. 

The moment of inertia of the section about an axis 
through the centre of the web works out to J = 6*38, and 
the area of the cross section A = 6*5 square inches. 

The (radius of gyration)^ 

_5-38 
6-5 

= 0-829 

On the load being increased, the elastic deflection in- 
creased until those fibres sustaining the maximum stress 
were strained beyond their elastic limit, and permanent 
buckling took place. The maximum load supported by 
the pillar was 88*7 tons, or 198,0001bs. 

Now, using Eankine's formula, and assuming / to be 
38,0001bs. per square inch, the values of the other symbols 
are: — 

A = 6*5 square inches, 

P = 88-7 tons = 198,0001b8., 

k^ = 0-829, 

I = 5-46ft. = 65-52in., 

/ = 38,0001bs. per square inch, 

and, taking 

Eankine's formula says : — 

p- /^ 

38,000 X 6-5 



^ 4,300 



= 191,5001bs. 
= 85-7 tons 

Therefore the buckling load as calculated by Eankine's 
formula is slightly lower than the actual load. 
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Next, using Johnson^s parabolic formula, 
P = A [34,000 - 0-67 (i)'] 

= 65 [34,000 - 067 . i||] 

= 198,0001b8. 
= 88-4 tons, 
which is fairly near the actual load. 
In Gordon's formula, 

p = _ /-^ 



1 + 
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taking / as 36,0001bs., and a as -^-itTs for I pillars, 

p ^ 36,000 X 6-5 



1 . 1 4,300 

= 197,0001bs- 
= 92 tons. 
Lastly, trying Euler's formula, where 

_ ir^. E. L, 

= 7r». 30,000,000. 5-38 
4,300 

= 326,0001bs. 

= 168 tons, 

a result far too large. For pillars whose ratio ^ is 
much below 150, Euler's formula is misleading. 



Chapter X. 

GENERAL PHENOMENA EXHIBITED BY TEST 
PIECES UNDEE VARYING CONDITIONS. 

154- The strength properties of metals as gathered 
from the results of mechanical tests can be divided into 
two classes. Firstly, each specimen exhibits qualities in- 
herent to the material itself, these qualities varying only 
v^ith the material, and not being dependent upon any 
outside circumstances connected with the test. In the 
.second place, certain general results may be expected to 
follow certain methods of treatment of the test piece, 
either before or during the test. Among such external 
influences may be mentioned the manner of holding the 
specimen, the form of the specimen, the influence of 
temperature both before and during the progress of 
the test, and of the speed of loading. Some of these 
general properties will now be described. 

155. Forms of Test Pieces. — In order to fully ap- 
preciate how the results of a test are affected by the shape 
and proportions of the test piece, consider the case already 
referred to on page 143. Here is a bar of ductile metal — 
mild steel — broken in tension in the ordinary way. Pre- 
vious to the test a number of lin. lengths were marked 
off along the bar. After the test these were measured, 
and all were found to have increased in length, but not 
all to the same extent. Those inches near the fracture 
were extended much more than those more remote, 
owing to the local extension and the greater reduction in 
the area of cross section at the point of fracture. The 
percentage extension as reckoned on the fuU* 10 inches is 
30*6 per cent. 

If, now, the first inch is omitted, and the extension 
reckoned on the remaining nine (seep. 148), the extension 
will be : 

2-87 



'87 

g- X 100 = 31-9 per cent. 
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Similarly; omitting two,- three, and so on, always 
retaining the point of fracture, the extensions become : 



Extension. 
Per cent. 



Inch No. 1 to inch No. 10, inclusive ..'.... 30*6 



2 
3 
4 
5 

6 

7 
8 
8 



10, 
10, 

10, 
10, 
10, 

10, 

10, 

9, 



31-9 
334 
351 
370 
38-5 
41-2 
45 
550 



From which it will be seen that, for a test bar of a given 
material and having a given cross section, the extension 
may vary from 30. to 55 per cent., according to the length 
of the bar and the length upon which the extension is 
measured. So that it is not only necessary to report 
on the percentage extension, but also to mention the 
measured length. The extension, without the length 
on which it has been measured, is of little use. 
It is, unfortunately, not always possible to measure 
the extension on any desired length, because many speci- 
mens, especially these cut out of larger masses of the 
material, are necessarily restricted in their length. In 
ordinary commercial testing, extensions are measured on 
lengths varying from lin. to lOin. in the more usual cases. 

It has been suggested that the measurement of exten- 
sion should be confined to the parallel part of the bar and 
not include that part which partakes of the local con- 
traction. 

As applied to the case already quoted, the result 
of doing this would be : 

Kxtension. 
Per cent. 

Percentage extension on inches Nos. 1 190 

land 2 19-5 

1,2, and 3... 200 

"1,2, 3, and 4 210 

1, 2, 3, 4, and 5 22-5 

1, 2, 3, 4, 6, and 6 23*5 

1,2, 3, 4, 5, 6, and 10 237 
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From these figures it will be seen that the results are 
much more tmiform when the local contraction is left out. 
This bar was more tban nsnaUy variable. 

Mr. Wicksteed has investigated this point, by making 
experiments an fonr sets of bars, three all ahke in each 
set. All the bars were of the same diameter but of diffe- 
rent lengths. Mr. Wicksteed, in dividing the local 
extension firom the extension on the parallel portion of the 
test piece, calls these two respectively, the strictional 
and the proportional extensions. The following are the 
results of the tests.* 



Diameter 
in 



Length 
between 



Elongation. 



i_ Shoulders, „ 

^^«^- inches. Total 



tional Strictional 
per cent, j^ ^^^^^ inches. 



Ultimate 

Stress 

in tons per 

sq. in. 






2 

m 



50 
37 
33 
30 



250 
25-2 
251 
25-4 



0-5 
05 
0-5 
0-5 



22-90 
21-50 
2203 
21-30 



From an inspection of these restilts, it will be clear 
that the extension measured on the whole length of 
a bar, of whatever ratio of length to diameter, is 
very misleading in the case of bars of ductile materials 
giving local contraction. TNlien the elongation was 
measured on the total length, the percentage elongation 
varied from 50 to 30 per cent., being, of coarse, 
greatest in the short bars. The proportional or 
parallel extension, when the local effect has been 
eliminated, is sensibly nniform for all bars. Apart from 
the dimensions of the test piece, there must of necessity 
be small differences in the extension due to want of 
xmiformity of the metal itself. 

It would, therefore, appear to be reasonable, for pur- 
poses of comparison, when the test pieces are of various 
sizes and dimensions and proportions, to quote in the 
report the proportional as wdl as the general extension of 
the bar ; and, in addition, the percentage of reduction of 

* Imiustrifs, 1890, II., p. 299. 
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area. The last mentioned is a good and sound criterion 
of a metal's ductility, and is independent of the length 
of the specimen. 

156. Similar Test Bars. — Another way of getting over 
the length difficulty would be to adopt a certain 
fixed ratio of length to diameter for all test pieces. 
The following test results for a set of bars of 
various sizes having a constant ratio of length to 
diameter, and of the same metal, made by M. Barba,* 
show that for similar specimens of the same material the 
extensions will be practically constant : — 

Tests of Bars of Mild Steel. 



Number 


Batio of Length 


Beduction of 


Total 


of 


to 


Area 


Elongation 


Bar. 


Diameter. 


Per Cent. 


Per Cent. 


1 


\ 


69-3 


32-8 


2 




690 


33-2 


3 




69-7 


330 


4 
5 


1 to 7-24 


68-6 
69-2 


33-5 
33-6 


6 




69-7 


33-2 


7 




68-8 


33-0 


8 




69-5 


34-0 


Means. 




69-2 


33-3 



These and other tests show that constant results may 
be expected from similar bars of the same material. 
Unfortunately, however, it is not possible to take ad- 
vantage of this, chiefly because it would, in most cases, 
involve too great an expenditure of time and money in 
machining the bars to the required proportions. In 
plates, for instance, it is convenient to adhere to one 
size and to machine the specimens in batches, and for 
short specimens, such as those cut from tyres, in order 
to make them of the proper proportions it would be 
necessary to make the diameter far too small. 

157. Relation between Elongation and Reduction in 
Area. — It has already been pointed out that, assuming the 
volume of the bar to remain constant, and so long as it 

- ^ , - — - — 

* Hackney on ''Test Pieces," Min. Proo. Inst. C.E., Vol. Ixxvi. 
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retains its parallel shape, the reduction in area reckoned 
on the original area- must be equal to the percentage 
extension reckoned on the final length (see p. 40). In the 
great majority of tensile tests of ductile materials 
this relation does not hold after the maximum load owing 
to the local extension, though, if measurements be 
taken of the bar at a point previous to the maximum 
load, it will generally be found that the conditions are 
satisfied. 

In the case also of some classes of steel there is little 
or no local extension and the relation is again found to 
hold. As an example of this the following, given by 
Mr. Hadfield in his paper on manganese steel,* may be 
quoted. 

The test results given on the report for one bar 
were : — 



1 

Maximum ' ^. „.° Percentage 

, stress ^SS°1 i R«ductio7in 
tons per sq.m. g inches. ' '^^ 

1 1 

1 


1 

6933 48-6 ' 323 

1 
1 
1 



From these results the final length of the specimen 
can be determined, and from it the extension, calculated 
on the final length. 

The final length of the specimen was 

8 



So that 



and. 



8 inches + 46'8*^-Trpr inches. 
= 8 + 3-74 = 11-74 inches. 



I 



3-74 

L + 1 11-74 

A— a 



= 31-9 ^er cent. 



= 32*3 per cent. 



Though these two figures, representing respectively the 
extension reckoned on the final length and the reduction 
in area, are not quite identical, they only dififer by about 
one per cent., which is easily accounted for by want of 



• Min. Proc. Inst. C.E., Vol. xciii. 
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uniformity ii^ the material and slight inaccuracies in 
taking the measurements. 

Owing to the fact that the part of the bar which' 
partakes of the local extension assumes a more or less 
conical form, the reduction in area is necessarily greater 
than the extension of the locally-extended portion calcu- 
lated on the final length, and therefore all the more so 
when taken on the original length. 

158. Influence of Time on Plastic Strain. — ^When a 
stress beyond the elastic limit is applied to a tension bar, 
it appears reasonable to suppose that the semi-plastic 
strain cannot take place at once, because the particles 
require time to move into their new positions as 
they follow the flow of the metal. This fact is often 
apparent in tension tests when it is desired to take 
measurements of the length of the specimen at stated 
intervals of load; with a ductile metal a considerable 
time must be allowed to elapse at the higher loads before 
the beam of the machine comes sufficiently to rest to 
allow the extension to be measured. If two similar bars 
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Loads. 

A Loaded at 5*4 tons per square inch per minute. 
B ,, 1*0 „ }, ,1 

C „ 066 „ „ yi 

Fig. 153. — Pbofessob Babb's Tests on Ghabcoal Ibon Wibe. 



are tested, the measurements in one case being taken as 
soon as the load is applied, and, in the other, a con- 
siderable time being allowed to elapse, it will be found 
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that the extensions for given loads will be less in the 
former case than in the latter. That this is so is shown 
by autographic diagrams taken under the two conditions. 

On Fig. 153 are shown two load-strain diagrams given 
by Professor Barr,* the curve marked A being for a piece 
of charcoal iron wire, with the load applied at 5'4 tons 
per minute per square inch; that marked B, for a piece 
of precisely similar wire, loaded at the rate of 1*8 tons 
per square inch per minute, and C is for the same wire, 
loaded at 0*66 tons per square inch per minute. It will 
be seen that there is a considerable difference in the form 
of the curves. 

On the other hand. Col. Maitlandt has shown that 
the ultimate total elongation may be increased after 
extremely rapid loading, such as is effected by the explo- 
sion of gunpowder. The explanation of this, given by 
Unwin, is that the very rapid loading does not allow of 
the formation of the local "waist*' and the general 
extension continues up to the point of fracture. 

Colonel Maitland, in applying his sudden loads to 
specimens of gun steel, first attached the lower end of the 
specimen to a dead load which was supported in position. 
By removing the support, the load was allowed to come 
upon the specimen suddenly, and the elongation was 
increased from 27 per cent, with a gradually applied 
load to 47 per cent. 

In order to make the application still more rapid, two 
closely-fitting plugs or pistons were fitted into a strong 
accurately-bored cylinder, and the two ends of the 
specimen to be tested were attached to these. The 
annular space between the specimen and the cylinders 
was filled with guncotton or gunpowder and exploded. 
The effect of this was to give an elongation of from 47 to 
62 per cent. In some cases the specimen fractured in 
two places, leaving a cigar-shaped piece between. 

These results appear to show that a rapidly-applied 
load in a testing machine gives a smaller elongation 
than when the load is very gradually applied, owing to 
the shorter time allowed for the metal to flow into its 
position of equilibrium ; but that, when the suddenness 
of application is greatly increased, the conditions are 
again altered, there being little time for the local effects, 

* Mill. Proc. Inst. C.E., Vol. Ixxxviii. 
t Mill. Proc. Inst. C.E., Vol. Ixxxix. 
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and the general^ and with it the total, elongation being 
again increased. 

The effect of time influence on the strain of compres- 
sion specimens is shown on the diagram on Fig, 154. The 
curves here shown represent the relation of stress and 
strain for two specimens of soft copper tested by the 
author. The two specimens were turned from the same 
bar, and wero of the same size, being about lin. in 
diameter and l^in. in length. 

In the case of the first one, after each increment had been 
applied, the specimen was allowed ample time to come to 




Stress — Tons per square inc)i. 
Fig. 154, — The Authob's Tests of Two Goppbb Compression Specimens. 



rest and take up its full amount of set, for the larger loads 
this time in some cases amounted to 20 minutes. When 
this had been done, and before a new load was applied, 
the bar was taken out of the machine and both its length 
and diameter at the two ends measured. From these 
measurements it was possible to calculate the actual 
stress on the specimen at each length. 

For the second bar the operations were precisely the 
same, except so far as regards the time during which the 
load was allowed to remain on the specimen. It is 
impossible to apply the load in a testing machine with 
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absolute suddenness, but in the present instance the load 
was put upon it as quickly as possible and at once 
removed, and the measurements taken as before. 

The curves show very well the difference exhibited. 
The curve marked Sa is the load-strain curve for the slow 
loading, and that marked Qa is the corresponding curve 
for the rapid loading. S^ and Qb are the curves showing 
the actual calculated stresses and strains for the same 
two bars. 

The two latter curves show the line becoming nearly 
vertical towards the end of the test, indicating an almost 
plastic condition, as indicated by the stress on the metal 
being more and more nearly constant. 

The slowness in taking permanent set becomes of 
great importance when the amount of set is used as a 




B 




Y 

A 



Fig. 166. 

measure of the compressive load, as is the case in the 
copper crusher gauges used for determining the explosive 
pressures in the bores of guns. Here the copper cylinders 
are compressed by the pressure of the gases, and exactly 
similar cylinders are compressed to the same extent by 
measurable loads, and the compressive force in this way 
found. It is obviously important that the test loads shall 
be applied at a rate not very dissimilar from those due to 
the gas pressures. 

159. Influence of the Forms of Ends on 5trens:th and 
Deformation. — On Fig. 155 three forms of tension speci- 
mens are shown; of these A is a parallel turned bar 
with cheese heads, the length between the shoulders 
being, say, 12in ;' C is of the same material and diameter, 
but having practically no length, the reduction in diameter 
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from the head being simply made by cutting a nick in the 
bar ; B has proportions intermediate between A and C. 
The results of tests made on these three bars have been 
shown by experiment to be very dissimilar. 

In A and B the gauge marks are lin. distant from the 
shoulders. The bar A will probably give the normal 
results to be expected from a bar having no heads and 
turned parallel, both as regards strength and ductility. 
In the case of C the maximum strength will be very 
much higher than that given by A, and the elongation 
and reduction will be practically nil. The third bar, B, 
may be expected to give results intermediate between the 
others ; the maximum strength will probably be greater, 
but not very markedly so, than that of A ; the total elon- 
gation will be greater and the reduction in area less. 
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Fig. 156. — Stromeyer's Tests. 




't-'-tf- 



These results, which experiment has shown to be 
generally true for ductile metals, are due, in the first 
place, to the influence of the larger unstrained heads, 
in retarding the natural flow of the metal during the 
period of drawing out. In the shorter bars, the normal 
elongation and reduction are interfered with. The greater 
elongation in the case of the shorter bars is due to the 
cause which has been already mentioned, namely, the 
larger proportion which the local elongation forms of 
the whole. 

Brofessor Unwin* quotes two experiments illustrating 
these facts. Two bars were tested, similar in form to 
those at B and C (Fig. 155), the longer specimen having its 
larger diameter 2 Jin. and the diameter of the part tested 
1-^in. by 2iin. long ; the other specimen was nicked as at 
C, the diameters being respectively l^^in. and 2Jin. as in 



* ITiiwin's " Testing," page 82. 
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the case of the first bar. The tests showed the breaking 
strength of the parallel specimen to be 35'87 tons per 
square inch, and for the nicked specimen 53*25 tons 
per square inch. These results show very well the effect 
of the suppressing of the drawing out in increasing the 
tensile stress. 

In the discussion on Mr. Hackney's* paper, Mr. 
Stromeyer gives the results of some tests he made on 
test pieces of the forms shown on Fig. 156. Of these 
there was one made of the form A, four of B, with 
varying ratios of b to cZ, and there were eight bars marked 
C, also with varying ratios of b to d. The following 
table contains the chief results obtained, the measure- 
ments being reduced to British units : — 



Number 
of Bar. 


Batio. 
b 

d 


Elongation 

of hole. 

Per Cent. 


Total 

Elongation. 

Per Cent. 


Maximiiru 
Stress. 

Tons per 
Sq. In. 


A 




• 


25-5 


27-9 


B 1 

2 
3 
4 


1-94 
1-32 
0-75 
0-52 


50 
40 

m 

21 


26 
18 
14 
12 


301 
34-5 
32-2 
34-5 


C 1 

2 
3 
4 
5 
6 
7 
8 


2-25 
1-83 
1-42 
1-18 
0-97 
0-77 
0-54 
0-32 


54 
50 
46 

4U 
37i 

33J 

25 

21 


28 
26 
22 
22 
20 
16 
14 
10 


29-6 
29-8 
290 
28-6 
310 
28-7 
28-9 
28-6 



i6o. Cracks in the Edg^es of Bars. — Experiments in 
this direction have been made by Mr. (now Sir) Benjamin 
Baker, and the results are given in the discussion * on 
Mr. Stromeyer's paper read before the Institution of 
Civil Engineers.! 

The forms of the bars tested are shown on Fig. 157. 
Of these A is an ordinary flat test bar of the original 

* Mill. Proc. Inst. C.E., vol. Ixxvi. 
t Min. Proc. Inst. C.E., vol. Ixxxiv. 
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material, which was mild steel. All the others were of 
the same material. In the bar B two small saw-cuts 
were made, the bar was got to almost a welding heat, 
and the nicks closed up, so that they were to all intents 
and purposes hidden cracks in the material. Under the 
test the strength of the remaining material was not so 
much reduced as might have been supposed. Two bars 
of the form C were tested, one held in the ordinary way, 
and the other held in the machine by pins, both bars 
being nicked on one side only. The test in this case 
showed a considerable reduction on the original strength 
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Fig. 157. — Baker's Tests. ExPEEiMENTAii Babs. 

of the steel, the bar held by the pin giving the lower 
results. D and E are similar to Mr. Stromeyer's bars 
already referred to (Fig. 156), except that in E two saw-cuts 
were made in the side of the hole. The bar marked F 
was first bent several times at a blue heat and afterwards 
tested. 

The breaking stresses for these bars are given in the 
following table : — 



Bar. 


Condition of Bar. 


Breaking 

Stress. 

Tons per 

square inch. 


A 


Orifi^inal 


32*5 


B 


Saw cut on both sides 


31*4 


c 

D 
E 


Saw cut on one side 

Semicircular cuts on outsides ... 
Hole drilled and saw cuts 


24-7 
36-3 
28-0 


F 


Bar bent at a blue heat 


34*4 


• 
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Referring to the experiments of Mr. Strohmeyer and 
Sir Benjamin Baker, three conclusions of importance, as 
regards the proportioning of test pieces and the interpre- 
tation of test results, may be drawn. These are : — 

Firstly. When the effective length of the specimen is 
diminished, as in B and C (Fig. 156) and in D (Fig. 157), 
the strength per square inch of the metal is increased 



A P- 



A 




./ 



Y P ^ 

m 

Fig. 158. — Unsymmetrically Loaded Bab. 

beyond that of the original metal to a greater or less 
extent, according to the proportions of the indentations. 
This increase is due to the localisation of the extension and 
the suppression of the drawing out caused by the retarda- 
tion of the flow of the metal towards the neighbourhood 
of the fracture. 
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Secondly. When this shortening of the specimen by 
indentation is carried to excess, an inequality of the stress 
in the metal close to the nicks results in the actual break- 
ing stress being lowered. 

Thirdly. If the nicking is unsymmetrical, the line of 
action of the load no longer passes through the centre 
of gravity of the section, and a tensile stress due to the 
bending action is added to the original tensile stress, and 
the bar breaks under a smaller load per square inch of 
section than does the original bar. 

i6i. Unsymmetrical Loading:. — The problem involved 
in the last case is briefly as follows: In Fig. 158 is repre- 
sented a bar of thickness h ; of width, d ; under a tensile 
load, P, acting at a distance, a?, from the centre line of 
the bar. 

This loading will be productive of a stress on a cross 
section of the bar, which will be variable, and will consist 
of two distinct parts. 

In the first place, there will be a uniform tensile stress,/^, 

P 

where /. = 7— j, h d representing the sectional area of the 

bar. 

Besides this stress, there will be another caused by the 
bending action of the force as it is applied, not along the 
axis of the bar, but at a distance, x, from it, thus causing 
a bending moment on the bar, which in [magnitude is 
equal to P cc. 

The stress due to this bending action is 

^ _ 6 P cc 
^' ~ TdF 
The total or resultant tensile stress is the sum of these 
two, or 

/ = /; + /; 

The more general expression is 

/=- + — 

_ ^ y a; P 

~ A "^ Kk^ 

A V + ¥ ) 
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where y is half the depth of the section ; and k is the 
^' radius of gyration,'* whose value is 

In the case of the bar which has already been referred 
to (C, Fig. 167), a nick is cut in one side of the 
bar, thus throwing the remaining section out of centre, 
the line of the load passing now to the right of the 
centre of the section, so that, in addition to the bar 
being weakened by the nicking itself, it is further 
weakened by the load being out of the centre of the 
section upon which the load is brought to bear. 

This question of loading a tension bar out of the 
centre is fully discussed in the Proc. Inst. Civil Engineers, 
vol. cxxxiv., by Professor W. B. Dalby. 

162. General Deductions. — A few general principles 
may be deduced from what has just been said as to the 
influences which affect the results of tests, quite apart 
from the inherent properties of the material tested. 

Perhaps the most important of these is in regard to 
the form of the specimen itself. TPhe bar should be fairly 
long, if possible eight or ten times the diameter, so as by 
this means to get a reliable extension. In some cases, of 
course, this is impossible, and one has to be content with 
a very short specimen. If there are heads at the ends of 
the bar, the parallel portion upon which the measurements 
are taken should merge into the heads by gradual and 
easy curves, and there should be no sharp corners. 
Also, where possible, the marks denoting the ends of the 
measured portion should be well clear of the heads, so 
that the extension may not be affected by them. 

Unsymmetrical loading, caused by a faulty form of 
the ends, should, of course, be avoided, and it is also 
obvious that there should be no cracks or grooves on the 
surface of the specimen. The extensions will not be 
greatly affected by the speed of loading under the 
ordinary conditions obtaining in most testing machines, 
but the effect of very gradual and very sudden loading in 
extreme cases, both as regards strength and deformation, 
should be borne in mind. 
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163. The Elastic Limit in Tension. — Some ambiguity 
exists as to the correct meaning of this term. The words 
'* elastic limit " are used to describe several things which 
are not quite the same, and some confusion has in conse- 
quence arisen. 

In its original and true meaning, the elastic limit of a 
material is that 'stress beyond which the strain will not 
wholly disappear on the removal of the stress. In other 
words, when the stress imposed produces the smallest 
possible amount of permanent set, the material can no 
longer be regarded as truly elastic, and the limit has been 
passed. 

This is a rather more rigid definition than saying, as 
it is often done, that the elastic limit is the stress beyond 
which the strains cease to be proportional to the stresses. 
By this latter definition, if a stress-strain curve is plotted, 
and the straight portion produced, the point where the 
curve departs from the tangent is taken as the true elastic 
limit. But the accurate determination of this point is 
dependent, to a great extent, on the degree of precision of 
the instrument with which the extensions are measured. 
An extensometer reading accurately to ten-thousandths 
of an inch will detect the limit sooner than one only 
reading to thousandths. 

The first definition given above is that of the true, or 
what is often called the scientific elastic limit. This 
is to distinguish it from the more commonly used or 
commercial elastic limit, which is a point in the loading 
a little beyond the true limit, where a very large increase 
takes place in the strain, with little or no increase in fche 
stress, producing a distinct **jump" or step in the plotted 
curve. This point has also been called the ''yield point'* 
and the ''breaking down point," to signify the apparent 
sudden breaking away or yielding of the substance. As 
previously stated, the commercial limit or yield point is 
roughly determinable by noting the sudden drop of the 
testing machine lever when it occurs, or better, by placing 
a pair of dividers on a marked length of the bar, and 
noting when one point leaves its mark. 

These two limits are the ones commonly made use of, 
namely, the Scientific or True Elastic Limit and the 



312 



THE ELASTIC LIMIT. 



ComTYiercial Limit, perhaps better called the Yield Point 
in order to prevent ambiguity. In the report of the 
French Commission on Testing, three limits are defined as 
follow : — 

Elastic Limit is the unit stress beyond which a 
portion of the deformation remains as permanent set. 

The Proportional Elastic Limit is. the point where 
the deformation ceases to be proportional to the load. 

The Apparent Elastic Limit is the point where the 
deformations increase rapidly without any increase in the 
force exerted. 
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Fig. 159. — Load-strain Curve for Mild Steel, Showing Elastic Limits. 



In order to render the useful elastic limit more definite, 
Professor Johnson has thus defined it : — 

The Apparent Elastic Limit is the point on the stress 
diagram of any material, in any kind of test, at which 
the rate of deformation is 50 per cent, greater than it is 
at the origin. This point is determined by first finding 
a line whose inclination has a tangent half as great again 
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as the tangent of the early part of the diagram, and then 
finding where a line of this inclination just touches the 
strain diagram. This point will be the Apparent Elastic 
Limit. 

On Fig. 159 are plotted the strains for a test given. 
Here Y is the yield point or commercial limit; J is the 
apparent elastic limit obtained according to Johnson's 
rule ; A is the proportional elastic limit of the French 
Commission ; while the true elastic limit, which was not 
determined in this case, will be slightly nearer the origin. 

So far as commercial testing is concerned, the -only 
elastic limit which is recognised and taken account of is 
the yield point. It is near the true limit, and can be 
determined with far greater ease and certainty without 
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Fig. ICO. — Diagram Showing the Raising of the Elastic Limit. 



the employment of instruments of precision, and is 
sufficiently accurate for all practical purposes. 

164. Raising the Elastic Limit by Stress.— It is]^well 
known that the result of overstrain on a test bar is to 
change the load at which the elastic limit occurs, and any 
further repetition of this overstraining will produce a new 
limit. The meaning of this will be clear from a con- 
sideration of the diagram on Fig. 160. 
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The origin of the load strain curve is at A. As the 
test proceeds, the diagram follows the straight line up to 
B, where the yield point occurs. From this point the 
curve follows the usual upward semiplastic curvature 
towards C. If, now, at C, some point above the yield 
point, the load is removed, an elastic contraction will take 
place, and this is shown, either by an autographic apparatus 
or by taking observations with an extensometer and 
plotting, by the straight line C D parallel to A B. 

On the load being again increased, beginning from D, 
the extensions will be such that the curve will be retraced 
along D C ; when C is again reached, the point C being 
found to be the yield point for this second loading, the 
semiplastic extension will take place in the direction C E. 

And so on for any further loadings, a new limit being 
established for each successive stage. It would appear 
as if, after each overstrain, a new metal was produced, 
having a higher yield point than before exposure to the 
stress above its former limit. The curve A B C E G I^ 
and so. on, would coincide approximately with the com- 
plete load-strain curve drawn for the original bar without 
any unloading having taken place. 

Owing to the fact that all the elastic portions of the 
eurves A B, C E, D C, F E, H G, IJ, &c., are found to be 
parallel, it is to be assumed that the modulus of elasticity 
in each case is sensibly the same for the same bar. 

In order to prevent any mistakes as to these successive 
limits, the j&rst limit, as it is found for the unstrained 
material, has been termed the primitive or original elastic 
limit. 

Both the modulus of elasticity and the elastic limit 
are affected by the temperature to which the bar is 
exposed. The modulus in all metals decreases to a small 
extent with a rise in temperature. Thus, if wrought 
iron or steel is raised in temperature from 60^ Fah. to 
360^ Fah., it will be found that the modulus has been 
reduced about six per cent. This value is quoted by 
Johnson* as deduced from published results of tests at 
the Wartertown Arsenal. 

• 

The elastic limit for steel also decreases continuously 
as the temperature increases, a rise in temperature of 

* Johnson's " Materials of Construction," page 562. 
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300^ resulting in a fall in the limit load of some 
6 per cent. 

# 

165. Effect of Annealing:. — The effect of annealing on 
an overstrained steel bar is to bring the metal back to its 
original state. This is shown very forcibly by the results 
of some endurance tests made on two steel bars by 
Mr. Coker. In these tests, the bar was taken and loaded 
to just beyond the yield point, the permanent set being 
a quarter of an inch. The bar was then annealed 
by heating to a dull red heat and cooling slowly in 
lime. After this, the bar was again loaded until the 
extension was a quarter of an inch. This process was 
repeated 37 times in the case of one bar and 39 times in 
the case of the other. lb was found that the yield point, 
instead of being continually raised, as would be the case 
without annealing, was approximately constant through- 
out the whole series, fluctuating about a value of 17 tons, 
and generally keeping between 15 and 19 tons per square 
inch. It was also found that the total extension of the 
bar was about four times what it was for a bar of the 
same material tested in the usual way.* 

i66. Effect of Annealing: on Wire. — Cold-rolling and 
wire-drawing give rise to effects which are analogous to the 
overstraining of a test bar. The elastic limit is raised, 
and also the breaking strength, while the ductility, as 
shown by the extension and reduction in area, is reduced. 

These points are shown very well by the results of 
Mr. Keigwin*st tests on unannealed and annealed steel 
wire. Here the strength of the wire when annealed was 
found to be lowered to that of the billet from which it 
was drawn, or a reduction of 39 per cent. ; the ratio of 
yield point to breaking was lowered by annealing ; while 
the elongation and reduction in area were greatly 
increased. 

Another effect of loading a ductile material by exposing 
it to a steady load not far removed from the breaking load 
for a considerable period of time, shown by Lord Kelvin, 
is an increase of strength and loss of ductility. It was 
found that the effect of this long-imposed stress was to 
cause the specimens to break at a much higher load than 
the original unstrained bars. 

* Min. Proc. Inst. G.E., vol. cxxxv. 
t Min. Proc. Inst. C.E., vol. cxxxvi. 
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The effects of previous loading on test bars may, 
therefore, be summed up as follows : — 

(a) If the bar is strained beyond the yield point, 
and the load removed, a second loading will be 
accompanied by a higher yield point than before, 
and similarly for every repetition. 

(b) In the case of steel, if the bar is annealed after 
the overstraining, the yield point will be approxi- 
mately the same as in the original state. 

(c) Cold rolling and wire drawing, without annealing, 
raise the yield point, increase the ultimate strength, 
and lower the ductility. 

(d) Annealing restores the metal approximately to its 
* original state. 

(e) The eifect of a long- continued load beyond the 
yield point is to increase the ultimate strength 
and diminish the ductility. 



Chapter XI. 

EXPEEIMENTS ON THE EELATION OF STEESS 
AND PEEMANENT STEAIN ; AND 
EEPEATED STEESSES. ' 

167. Relation between Stress and Permanent Strain. 

Just as in elastic deformation there is a definite relation 
existing between the applied stress and the strain pro- 
duced, so a law can be found for any given plastic 
material, which formulates the relation existing between 
a stress and its permanent strain. By making a series of 
careful experiments on bars in a testing machine, noting 
the stresses and corresponding strains, and plotting the 




8TRE88. — Tons per squark inch. 
Fig. 161.— Stress-Strain Diagram for Wrought-iron Bars. 

stress-strain curve in the usual way, a graphic representa- 
tion is obtained of the relation required in the form of a 
curve, and an equation can be found to fit this curve. 

The method of obtaining the equation will be made 
clear from a consideration of the following description of 
a series of interesting experiments made by Dr. T. E. 
Stanton,* now of University College, Bristol, with the 
object of determining a definite relation between the 

* Mem. and Proc. Manchester Lit. and Phil. Soc, 1893-4. 
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uniform tensile stress and the corresponding semiplastic 
strain in the case of wrought iron and steel. 

The first series of experiments were made upon nine 
bars of wrought iron of soft quality, each bar being 
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Fig. 162.— Logarithmic Diagram of Stress and Strain. 

turned parallel. In order to avoid the effect of previous 
loading on the extension, each bar of the set was subjected 
to one load only, the load being allowed to remain on the 
bar for 30 minutes before the extension was measured. 
The nine pieces tested were cut from one bar, which 
made it possible to combine the results in the form of a 
single stress-strain diagram for the range of load employed. 
This is shown in Fig. 161. 

Using Prof. Osborne Eeynolds' method of logarithmic 
plotting, it was found that by plotting the logarithms of 
the strains, expressed as fractions of the original lengths, 
as ordinates, and the logarithms of the corresponding real 
stresses as abscissae, the line shown on Fig. 162 was 
obtained. It will be seen that the points corresponding 
to the various bars and loads all lie on a straight line, 
whose equation has the general form 

log. / = log. C + k log. e 

where /is the real stress on the bar, 

,, e is the corresponding strain, which in this case is 

an extension, and is equal to — , — ; 

and C and k are constants depending upon the material 
tested. 
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Taking the logarithms of both sides of the above 
equation, the standard equation is obtained, having the 
form 

For the nine bars tested, the slope of the curve gave 
the value of A; as 0*25, and the mean value of G as 39'4, 

Further tests, both on sets of bars as above and on 
single bars, gave the following results : — 

Set of9 bars ofbrandE.H., Crown B.B.B. 0-25 ...39-40 

0-25 ... 40-30 
0-25 ... 40-35 
0-265... 39-30 
0-275... 40-416 
0-265... 39-252 






Single bar 
Single bar 

Set of 9 bars brand E.H., Crown B.B. 
Single bar 
Single bar 
Single specimen cut from a bar of mild 
steel 






>> 



>> 



>) 



0-25 ... 50-160 



The actual figures obtained for the first set of bars 
are the following : — 



No. of 
Speci- 
men. 


Initial 

Area. 

Square Inch. 


Final 

Area. 

Square Inch. 


Permanent 
Strain. 


stress on 

Reduced 

Section. 

Tons. 


Value 
of C 


Zl 


0-7643 


0-7420 


0-03071 


16-480 


39-37 


Z2 


0-7590 


0-7238 


0-05227 


18-873 


39-48 


Z3 


0-7528 


0-6999 


0-08133 


20-977 


39-32 


Z4 


0-7648 


0-7378 


0-03978 


17-620 


39-46 


Z5 


0-7605 


0-7158 


0-06585 


19-973 


39-42 


Z6 


0-7810 


0-7638 


0-02330 


15-338 


39-27 


Z7 


0-7600 


0-7412 


002689 


15-893 


39-25 


Z8 


0-7510 


0-7178 


0-04668 


18-306 


39-38 


Z9 


0-7560 


0-7306 


0-03490 


17-068 


39-49 



Proceeding on similar lines. Dr. G. Wilson,t has 
made corresponding determinations for annealed copper 
bars in tension. The values of the constants obtained 
in the equation 

are as follow : — 



t Mem. and Proc. Manchester Lit. and Phil. Soc, 1898-9. 
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Test. 


k. 


C. 


1 

3 

4 
5 
6 


0-535 
0-535 
0-503 
0-52G 
0-519 


38-08 
38-97 
36-16 
37-86 
37-47. 


Means. 


0-524 


37-91 



The author has found that a precisely similar relation 
■exists in the case of permanent compressive strains, as 
for tension, by testing copper compression cylinders 
and plotting the logarithms of the strain and stress. 
'The mean results obtained were : — 



h. 


C. 


0-488 


39-00 



Similarly, testing a short piece of Lowmoor iron in 
•compression, the author finds the following values to be 
given : — 



k. 


C. 


0-240 


43-700 



Which agree fairly well with the figures obtained from 
tension tests. 

KEPEATED STEESSES. 

1 68. A very large proportion of engineering 
structures and parts of machines are exposed to stresses 
which may be regarded as unvarying in both their 
magnitude and their direction ; that is to say, they 
are subjected to steady loads, and, so long as these loads 
are so chosen as not to strain the material beyond the 
-elastic limit, they will have no deteriorating effects, no 
matter how long they are allowed to remain on the 
material. In other words, time, so far as we are able to 
tell, has no material effect on the condition of a substance 
.subjected to steady loads within the elastic lifnit. 



REPEATED STRESSES. 321 

Other parts of structures, again,- are exposed to stresses 
which are constantly being taken on and off, such as in 
the tie-bars of bridges and pillars whose loads are inter- 
mittent. In these, so long as the imposed loads do not 
give rise to stresses which are at any time beyond the 
elastic limit of the material, the time during which these 
structures will safely withstand their loads is practically 
unlimited. 

The same is true of a third class of structures which 
are subjected not only to repeated loads, but, at the same 
time, to loads which are constantly being reversed in 
direction. An example of such a case is to be found in an 
ordinary clock spring, which has to withstand many 
millions of reversals of stress every year, and yet is to 
all intents and purposes unaffected after the lapse of 
many years. Here is an almost perfectly elastic material 
in which the stresses never approach a limit of the 
elasticity. 

As, however, the stresses become greater in magnitude, 
and, in the case of reversed stresses, the range of stress 
increases, the number of repetitions or the number of 
reversals required to produce failure diminishes. For 
instance, it has been shown that a bar of Krupp axle 
steel, subjected to a repeated stress of 15*29 tons per square 
inch, requires 274,970 repetitions of the stress to cause 
failure, whereas, under a stress of 23*89 tons per square 
inch, 23,546 repetitions will be sufficient to fracture 
the bar. 

169. Wohler's and Spandenberg:'s Experiments. — By 

far the most important and exhaustive researches into this 
subject were made for the Prussian Government, by Herr 
Wohler, between 1859 and 1871, and afterwards continued 
with the same apparatus by Prof. Spandenberg, his 
successor. 

Four series of experiments were carried out as follow : — 

(a) Repeated Stresses in Torsion. — For this purpose 
a cylindrical bar with enlarged ends was employed. One 
of its ends was held in a gripping device controlled by 
springs, and the other was attached to one end of a 
rocking lever, which was driven by mechanical power, 
and whose angular movement was controlled so as to 
keep it within certain limits. In this way the maximum 

W2 
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stress on the material was limited to a certain pre- 
arranged magnitude. Loadings, giving rise to both 
stresses in one direction only and to reversed stresses, 
were applied. 

{b) Repeated Tensions. — A power-driven machine was 
used for these tests also, the free end of the specimens 
being attached to the short end of a rocking lever, whose 
movement was controlled by springs, so that this stresses 
could not exceed a certain given amount. 

(c) Repeated Bendins:s. — A third machine was used 
for the purpose of imposing a succession of bending 
stresses on a beam specimen, a stop being provided, so 
that, in some of the tests, the stress could not be wholly 
taken off the bar, but kept within previously defined 
limits. 

(d) Reversed Bending: Stresses. — The fourth machine 
was arranged to apply reversed stresses to cylindrical 
beams. This was effected by slowly rotating the bar to 
be tested, one end being attached to the shaft of the 
machine and the other being free and carrying a load at 
its outer end, so that, as it was turned through one 
revolution, it became a cantilever, bent first in one 
direction and then in the other. 

A large number of materials were tested under the 
various conditions indicated. In all cases the original 
statical strength of the material was determined in the 
usual wav. 

In the torsion tests, some of the bars were tested 
under stresses in one direction only, the maximum stress 
attained and the number of repetitions of this stress 
required to produce fracture being noted. In the others, 
where the stress was in two directions alternately, the 
maximum and minimum, and, therefore, the range of 
stress was found, along with the number of repetitions. 

In most of the tension tests the stresses were between 
zero and a maximum stress ; but in some cases the range 
of stress was between a minimum and a maximum stress. 
The 'Same is true for the transverse stresses, many of the 
tests being made with the specimen pressing against a 
stop on the removal of the load, so that the stress was 
never entirely removed. 

In the tests of the rotating cantilevers, loaded at the 
ends, the range of stress was necessarily between a 
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tensile stress on one side and an equal compressive stress 
on the other. 

The general conclusion arrived at from the results of 
these tests was that the fracturing of the bars depended, 
in the first place, on the range of stress ; and, secondly, on 
the number of times the stresses were repeated. When 
a certain minimum stress was reached, it was found that 
the number of repetitions required to produce fracture 
was practically infinite. 

The following figures, taken from Wohler's results, will 
serve to give an idea of the kind obtained. They com- 
prise the results of tests of eight bars of Krupp cast steel 
for axles, under repeated bending stresses by rotation. 



Wohler's Tests on Repeated Stresses in Bending 
by Means of Rotation. — 



I stress in Tons per 
Square Inch. 


Range of 

stress. 

Tons per 

Square Inch. 


Number of 
Repetitions 


Maximi^m. 


Mininmm. 


before Fracture. 


+ 20-1 
+ 17-2 
+ 16-3 
+ 15-3 
+ 15-3 
+ 16-3 
+ 14-3 
+ 14-3 


- 20-1 

- 17-2 

- 16-3 

- 15-3 

- 16-3 

- 15-3 

- 14-3 

- 14-3 


40-2 
34-4 
32-6 
30-6 
30-6 
30-6 
28-6 
28-6 


55,100 

127,775 

797,525 

642,675 

1,665,580 

3,114,160 

4,163,375 

45,050,640 



Wohler himself summarised the results of all his tests 
in the following law : — 

Wohler's Law : Bupture of material may be caused 
by repeated vibrations^ none of which attains the absolute 
breaking limit. The differences of the limiting strains 
are sufficient for the rupture of the material. 

As a further result of his tests, Wohler gave the 
following values for the stresses on steel and wrought 
iron, which may be imposed for an unlimited number of 
repetitions without any damage being sustained by the 
material : — 
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Wohler's Limiting: Stresses on Wrought Iron and Steel. 



Material. 



Wrought iron, in tension only 



Wrought iron, tension and compression 



Cast steel, tension only 



Cast steel, tension and compression... 



Stress in Tons per Sq. Inch. 



+ 8-35 to -h 0-013 

+ 2-82 to - 2-82 

-h 15-30 to + 5-10 

+ 5-58 to - 5-58 



In this table the plus sign means tension and the minus 
sign compression. These results show that only in the 
case of a structure or parts of a structure under a dead 
load does the safe stress depend on the ultimate strength 
of the material divided by a standard " factor of safety,'* 
and that, where the structure is subjected to repeated and 
variable loads, the safe stress allowed must be chosen 
with due consideration of the number of repetitions of 
the stresses as well as of the complete range of stress 
imposed. 

Besides those of Wohler, other experiments have been 
made in the same direction, notably by Bauschinger and 
Sir B. Baker. For use in designing parts of structures 
subjected to repeated stresses, several formulas have been 
devised embodying the results of these endurance tests. 
Especially to be noted are those of Launhardt and 
Wejorauch. 



Chapter XII. 

THE TESTING OF VITREOUS MATERIALS 

AND TIMBER. 



PORTLAND CEMENT. 

170. Portland cement is by far the most important of the 
cementing materials used in construction, and of which the 
strength properties require to be determined by means of 
systematic tests. 

Portland cement may be described as a product, con- 
sisting for the most part of aluminates and silicates of 
calcium, resulting from the calcination of materials con- 
taining clay and lime. The process by which it is 
produced may be summed up as follows : — 

{a) Material containing clay in some form is intimately 
mixed with other material containing lime as in chalk. 





British and American. Continental. 

Fig. 163.— Standard Forms of Briquettes. 

(6) The mixture so made, after being dried, is burnt 
or calcined, during which calcination a chemical change 
takes place, the silica and the alumina combining with the 
lime to form the necessary Silicates and aluminates. 

(c) The fine grinding of the resulting product to form 
a cement which sets hard when mixed with water. 
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The clayey mud and the chalk used must be mixed in 
such proportions that the resulting cement contains no 
excess either of clay or lime. Too much lime, or incom- 
plete mixture of the lime and clay, yields a cement which 
may show great strength soon after setting, but becomes 
much weaker afterwards owing to the working or swelling 
of the excess lime. 

Too much clay generally produces a weak, quick- 
setting cement, 'which may have a brownish, or **foxey,'* 
colour. 





Fig. 163a.— Mould for Cement 
Briquettes. 



Fig. 163b.— Holder for Cement 
Briquettes. 



* Butler gives the following composition of Portland 
cement : — 



Lime . . . 
Silica ... 
Alumina 
Iron oxide 



60 to 64 per cent. 
20 to 24 

6 to 10 

3 to 5 



a 



iy 



11 



Portland cement weighs from llOlbs. to 1241bs. per 
bushel. It should be kept in a dry place which is at the 
same time cool, and should, if possible, be taken out of 
the sacks or barrels and allowed to remain for some little 
time, before being used, exposed to the air until any 
tendency to heating has left it. 



• B. Butler, "Portland Cement." 
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171. Sampling When a test or series of tests are to 

be made on a particular delivery of cement, care should 
be taken that the sample &om which the test pieces are 
prepared is a representative one. If the quantity is large, 
samples should be taken from each or several of the sacks 
or barrels, the sample being taken from well down in the 
sack or barrel and not from the top. All these samples 
are to be mixed together and the teat specimens prepared 
from a portion of the mixture. By doing this a fairly 
representative sample should be obtained. 



Flu, lU.— BtlLEr'S AUTOMATIC TENEION TESTING MACHINE FOR GKHKNT. 

In specifications for works in which Portland cement 
is to be used it is usual to state that the cement must 
satisfy certain requirements laid down in the specification. 
It is with the intention of seeing whether the cement 
Buppbed by the maker does satisfy the specified require- 
ments that the following tests are undertaken. In this 
country there is no attempt to make the requirements 
absolutely uniform, each engineer having bis own ideas as 
to the necessary qualities. In other countries, notably 
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France aiid Germany, the cane is different, certain standard 
rules being adhered to. 



0^ 



D Cement Mduli 



Speaking generally, the teats to which a sample of 
Portland cement is subjected, are as follow : — 



(a) Fineness. 

(b) Tensile strength. 

(c) Crushing strength. 
(c^) Soundness. 

(e) Setting properties. 

In addition to these are also 

(/) Specific gravity, and 
(g) Chemical composition. 

These various tests will now be described in detail. 



172* Fineness. — The tendency is to grind cements 
much finer at the present day than formerly, owing to the 
fact that the iiner a cement is the more thoroughly does it 
unite with the water with which it is mixed, and the 
more miiform is the eomposition. If a cement has been 
underbumed, that is to say, although it contains the 
requisite amount of lime to satisfy the chemical conditions 
necessary for proper combination, parts of it may not 
have been burned to such a point as to have effected 
complete chemical combination- — that is, small portions of 
lime may exist in the cement as lime—ajid these, often 
isolated, portions of lime swell on admixture with water, 
and so cause the cement to crack or "blow." Fine 
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grinding lessens the deleterious effects of any under- 
burning that may have occurred, owing to a more 
complete distribution of any stray portions of unburnt 
lime throughout the cement. The actual test for fineness 
is to pass a sample of the cement through a standard 
sieve of fine brass wire and weigh the residue which is 
prevented by the sieve from passing through, and to 
express the fineness as a percentage of this residue. 
For instance, a pound of the cement may he taken and , 
put through the sieve and the residue found to weigh 
0'151b. In this case the residue would amount to 



16 per cent, of the weight of cement tested. It is- 
important in this connection that not only should the 
number of meshes to the square inch in the sieve be given,. 
but also the thickness of the wire used. 

In the German standard rules for testing Portland 
cement, it is stated that the fineness must be such that 
not more than 10 per cent, residue is left after the cement 
has passed through a sieve having 5,806 meahes to the 
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square inch. In the French Government specification the 
residue is limited to 20 to 25 per cent, on a sieve of 
32,256 meshes per square inch ; that is about what is 
known as a 180 mesh, or 180 meshes each way along the 
side of the square inch. 

It is further stated in the German rules that the wire 
must have a diameter equal to one-half the width of 
opening. The sieves in general use vary in fineness 
from 50 to 180 to the linear inch. 

A rough test for fineness used by the millers consists 
in sieveing a certain volume of cement, determined by 
filling a standard vessel. The residue from this quantity 
is then measured in a vessel having a volume one4enth of 
the first and divided horizontally into ten equal parts, 
each of which of course represents a percentage. 

173. Tensile Streng^th. — Tensile tests maybe made of 
samples of neat cement or a mixture of cement and sand. 
The test pieces are usually in the form of briquettes 
similar to those shown on Fig. 163. These forms of 
briquettes, or very similar ones, have come to be the standard 
shapes, giving the most uniform and reliable results. 
Various sizes are used, but by far the most usual is one 
giving a breaking section of 1 sq. in. The preparing of a 
set of these briquettes requires .a certain amount of skill 
and experience, and should not be intrusted to anyone 
who has not had the necessary training. 

The briquettes are formed in metal moulds, either made 
singly or in sets of five or more. In gauging the sample, 
a weighed quantity of cement is to be mixed with a 
certain definite' percentage of water — either a prearranged 
percentage or the percentage which has been found most 
suitable for the particular cement in question. This can 
be found by gradually adding water from a known 
quantity until the cement has absorbed sufficient to work 
it up into a thick paste, and to cause the water to rise to 
the top of the pat when the trowel is drawn over it. The 
cement and water should be thoroughly mixed and 
worked together with a trowel, the water being added 
gradually until the required consistency' is reached. The 
theoretical quantity of water required for chemical com- 
bination is somewhere about 8 or 9 per cent., but a 
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larger quantity is actually required in practice. So long 
as there is sufficient water present to satisfy the chemical 
requirements, the smaller the quantity of water the higher 
the tensile breaking load will probably be. The actual 



Flu. 187.— BArLEY's Water Loaii Machine for Cemest Testino, 

percentage of water  used for neat cement varies from 
16 to 25 per cent. 

When the cement has been gauged — that is, the water 
thoroughly worked into it — it must be put into the moulds 
and well forced in with a wooden rammer, the cement 
being smoothed off level with the top of the mould. The 
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briquettes ought to be thoroughly set before they are 
taken out of the moulds. This is best done by using 
moulds which open, so as to obviate the forcing out of 
the briquette. The most convenient moulds are those 
which are fixed in a frame, so that the ramming does not 
force out the cement and cause the mould to lift. 

The briquettes should be kept 24 hours in air after 
gauging, and then placed in water for a stated time, such 
as 7, 14, 28 days or more, before testing. 

When the time for keeping the briquettes in water has 
elapsed they are to be taken out and broken in a tension 
machine by applying the tension load until fracture takes 
place. Generally speaking, the tensile strength increases 
with the time which is allowed to elapse between gauging 
and testing, that is, if the cement is from a good sample. 
A faulty cement may yield good results after a week, and 
show signs of deterioration after a further lapse of time. 

Besides neat cement — that is, cement alone worked up 
with water — tests of a mixture of sand and cement are 
frequently made. In these tests the cement is mixed with 
a definite amount of sand in gauging, the most usual 
proportion being three parts of sand to one of cement, the 
minimum quantity of water being found by trial as in the 
case of neat cement. The sand used for this purpose 
should be clean, uniform, coarse sand, thoroughly washed. 
In the great majority of cases a standard sand from 
Leighton Buzzard is used. This is supplied ready for use^ 
having been washed and screened so as to pass a 20 to the 
inch sieve and to be retained by a 30 to the inch sieve. 
The treatment is otherwise the same as in the case of neat 
cement. 

Having regard to the fact that cement is never used 
neat in works of construction, but always mixed with 
some quantity of neutral matter, it is held by many 
authorities that briquettes made of sand and cement yield 
more reliable results than do those of neat cement. 

The machines used for tension tests of cement 
briquettes are of very simple construction ; in fact, any 
ordinary tension machines, such as those previously 
described in these pages,t may be used so long as they are 

t See pa^es 69, 89, 259, and 260. 
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provided with appliances for holding the briquettes. It 
is preferable to have an automatic gear for increasing the 
load. 

On Fig. 164 is represented a special machine by Messrs. 
Bailey for cement testing. It will 'be seen that this is a 
multiple-lever machine, provided with suitable holders for 
taking the briquettes. The load is applied by small 
leaden shot being allowed to run from a stationary reser- 
voir into a can suspended at the outer end of the weighing 
lever. When the sample breaks, an automatic catch stops 
the flow of shot, and the contents, of the lower can are put 
into a weighing scale (as shown in Fig. 165), which is 
calibrated to give at once, by its reading, the 
breaking load on the specimen. A similar machine in 
which the shot has to be supplied by hand is shown 
on Fig. 166. There are also a pair of cement moulds 
shown which are not quite the same shape as that on 
Fig. 163, but have the form used in the German laboratories. 
A third machine (Fig. 167), also by Messrs. Bailey, works 
with water instead of shot, and the breaking load is given 
by the height of the water in the suspended can when 
fracture takes place. 

Messrs. Adie supply a single-lever machine pro- 
vided with an automatic arrangement by which the 
poise weight is moved outwards at a uniform rate. 

In addition to the care required in gauging the cement 
and filling the briquette moulds, a considerable amount is 
necessary in testing them. They must be placed in the 
holders so that the pull may come on the specimen evenly 
on the two faces, so that the stress is quite uniformly 
distributed on the cross section of the briquette. Then 
the load should be applied steadily at a uniform rate, all 
shocks and vibrations being carefully avoided. As soon 
as the briquette has fractured the breaking load should 
be at once booked. It is the custom with many people to 
write the breaking load on each half of the broken 
specimen in pencil to prevent any possibility of mistake. 

174. Crushing: Strength. — Crushing tests are generally 
made on 3in. or 4in. cubes, both of neat cement and 
sand and cement, gauged in the same way as the 
briquettes. 
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The crushing load may be obtained in any ordinary 
testing machine provided with compression plates, or a 
special machine may be used. One of these, by Messrs. 
Bailey, is shown on Fig. 168. This is an hydraulic press 
in which the load is increased by a screw plunger worked 
by hand as shown. The cube is fixed tight between the 
compression plates by the adjusting screw shown, which 
is also worked by hand. The load on the specimen is 
given at once by the position of the pointer of a pressure 



Fig. 16B.— Testiko Machine 

gauge, which is arranged to retain its maximum position 
after the specimen has failed by crushing. The fluid used 
m these machines is glycerine or oil. Messrs. Bailey make 
this machine in three sizes, suitable for working up to 
maximum loads of 12, 60, and 150 tons respectively. 

Bedding Compression Specimens. — The most impor- 
tant point to be noted in testing cement or other brittle 
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substances in compression is the manner in which the 
specimens are bedded on the compression plates. What 
is required is an even distribution of the load over the top 
and bottom surfaces of the block, so that the compressive 
stress may be quite uniform. It is only when the stress 
is thus uniform that a reliable result can be obtained, as a 
very little extra stress on one side or the other will soon 
cause the material to chip away on that side. 

Various methods have been employed for this purpose. 
Thick paper or cardboard is sometimes used, but this is 
• not an altogether satisfactory way of bedding. Metallic 
sheet lead has also been used, but the effect is to compress 
the lead and cause it to spread, and in doing so to drag 
the surface of the specimen outwards and cause failure at 
a much lower load than that due to uniform crushing alone. 

The most satisfactory way of bedding compression 
specimens is by using plaster of paris. The compression 
plates must first be cleaned and possibly oiled to prevent 
the adhesion of the plaster of paris. Then the plaster is mixed 
in sufficient quantity to the consistency of a thin paste. 
Some of this must now be spread with a trowel on the 
lower compression plate, so as to be not less than about 
a quarter of an inch thick and covering rather more than 
the area of the bottom of the specimen. The specimen is 
now placed quickly in position on the cement and the top 
plate screwed down tight, so as to thoroughly squeeze out any 
superfluous plaster. After a few minutes this piaster 
will have set sufficiently to allow the top plate to be 
lifted. The top of the block is now smeared with plaster 
until it is quite covered, and the top plate again screwed 
down tight. After about five or ten minutes the block 
will be ready for testing. 

This latter consists in simply increasing the load 
steadily until the material fails, which it generally does 
with comparative suddenness, little warning being given 
by cracking of the material that failure is to be expected. 
The failure is generally expressed as so many pounds or 
tons per square inch or square foot of area required to 
produce failure. 

The shape of the fractured specimen in most cases 
takes the form of two more or less perfect pyramids in 
the case of cubes, and cones in the case of cylinders. 



336 TESTING OF PORTLAND CEMENT. 

>75- Tests for Soundness. — The most common test 
for soundness consists in making pats of the cement with 
the minimum quantity of water necessary to produce a 
:satisfactory paste, spreading the pats on a piece of clean 
glass, and tapering off the edges. When set, these 
are placed some in water and some in air and kept 
for a week, and then inspected to see if any cracks 
or changes in shape have developed themselves. This 
test is held by some to be unsatisfactory, because the 
pats may appear perfectly satisfactory at the end of a 
week, and yet show signs of deterioration when the 
offending lime has had time to do its work. It is, there- 
fore, advisable to keep the pats for a longer time, and 
inspect them at intervals. 

In what is known as the Faija test, introduced by the 
late Mr. Henry Faija, an artificial age is imparted to the 
pats by subjecting them when newly made to a moist 
heat of 100° Fah. or 105° Fah. for six or seven hours, and' 
then placing them in warm water at about 115^ to 120^ 
for 18 hours longer. In all about 24 hours are taken 
over the test. 

176. Setting Properties. — The setting of cement may 
be divided into two stages, namely, the ^ initial set" and the 
^^ permanent set." The former of these is that point when 
the crystallisation has caused a uniting of the particles to 
such an extent that the paste will no longer flow, and has 
changed its condition of partial fluidity for that of a solid. 
This point may be tested for by placing a pat of the 
newly-mixed cement paste on a sheet of glass, and noting 
the point when no movement will take place on the plate 
being shaken or tapped. Another test for the same 
purpose, adopted in the French Government Specification, 
is as follows : *^ A portion of the pat made shall be taken, 
and a cylindrical metal box, IJin. in height and 3'4in. 
diam. filled with it. The box will then be shaken lightly 
for a few seconds, and the water which . this shaking 
• brings to the top shall be left on the cement. A prismatic 
needle weighing 10*5oz., and having a square section of 
one 0'039in., is then suspended over the box by a string 
passing over a pulley. The moment when the mass no 
longer allows the needle to penetrate to the bottom when 
lowered slowly and with caution will be considered as the 
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time of initial set. The setting will be considered as 
finished when the surface of the cement supports the 
needle without its penetrating to any appreciable degree." 

The time of initial set varies from one to 20 minutes, 
and that of complete set from four to 120 minutes. 

The process of setting causes the cement to rise in 
temperature, the extent of this rise being ascertained by 
mixing some cement and water in a small vessel, placing 
a thermometer in the paste and watching the mercury. 
Mr. Deacon used this method to ascertain the setting 
properties of the cement he used on the Vyrnwy dam. 
According to his own statement, "if within 15 minutes, 
the rise of the thermometer exceeds 2° Fah., or, within 
60 minutes, 3° Fah., the cement is further exposed before 
use."* 

As examples of the results given by samples of cement 
subjected to the above tests, the figures on p. 338 may be 
quoted. These results are given by Mr. D. B. Butler in 
his paper on "The Finer Grinding of Portland Cement, "f 
and are illustrative of some experiments on the properties 
of cement as delivered by the manufacturer, and the same 
cements after being much more finely ground. The three 
kinds of cement dealt with are F, from the lias, districts 
of Warwickshire, G, from the Northfleet shore of the 
Thames, H, from the Grays shore of the Thames, and I, 
from the Medway. 

I Prof. Unwin quotes the following figures obtained by 
Bauschinger from crushing tests of neat cement and of 
cement and sand. sq^effi. 

Mean crushing strength of neat cement, seven 

days after gauging 1,800 

Do. for cubes of one part cement to three parts 

sand 825 

Do. for cubes of one part cement to five parts 

sand .♦ 500 

Where the time of testing is longer than one week, the - 
following has to be added. . 
The general equation is  

y = c -\- d W'X — 1 



* Min. Proc. I.C.E., vol. cxxvi. f Min. Proc. I.C.E., vol. cxxxii. 

I Unwin's Testing. 
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where y is the strength at the end of x weeks, c is 
the crushing strength at the end of one week, and d is 
a constant, which for the above cases has values of 339 
for the neat cement, 312 for the three to one, and 274 for 
the five to one mixture. 

Thus, take the case of neat cement, tested 10 weeks after 
gauging. Here c is 1,800, d is 339, and x is 10. So that 

y = 1,800 + 339 V 10 - 1 
that is to say, a cement which has a compressive strength 
of l,8001bs. per square inch at the end of seven days, will 
require 2,81 71bs. to produce fracture at the end of 10 weeks. 

For cement compression pieces it is noted that, as in 
tension, samples kept in water yield higher results than 
those kept in air ; and also that in a good cement the 
strength should steadily increase with age. 

The strength of neat cement cubes kept in water for 
four weeks varies from 5,0001bs. to 2,0001bs. per square 
inch. When mixed with sand the strength continually 
diminishes with the ratio of sand to cement. 

Kirkaldy gives the following results of crushing tests 
of cubes of cement and sand : — 

*^KIRKALDY'S TESTS OF SAND AND CEMENT 

CUBES. 



Composition. 



Neat 



>) 



>> 



1 part cement \ 

2 parts sand J 



») 



>j 



1 part cement ) 
3 parts sand J 



') 



» 



1 part cement ) 
4 parts sand J 



1 » 



Age 
days. 



10 
20 
30 



Crushing strength in pounds 
per square inch. 



2,910 
3^341 
3,723 



10 




20 




30 




10 


 


20 




30 





893 

1,023 
1,172 



408 

494 
593 



10 

20 
30 



228 

275 
385 



* Kirkaldy's " Testing." 
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CONCRETE, STONE, BRICK, AND OTHER 

BRITTLE MATERIALS. 

177- With regard to the testing of these, there is little 
to be added to what has already been said in describing the 
tests of cement. The test applied to all these substances 
is almost invariably the compressive test. Fairly large 
specimens should be employed, in order to obtain reliable 
and uniform results, and, consequently, a large testing 
machine is required. 

The specimens should be bedded, as in the case of 
cement, with plaster of paris set in place with the com- 
pression plates resting upon it. 

The following are some examples of the crushing 
strength of stones, &c. : — 

TABLE OF THE CRUSHING STRENGTH OF 
VARIOUS STONES, &c. 



Material. 



Portland Cement Concrete, 36 

months old 

Portland Cement Concrete, one 

month old 

Granite, Aberdeen Grey 

,, Aberdeen Red 

Basalt, Penmaenmawr 

Sandstone, York Grit 

„ Red Mansfield 

„ Red Alton 

Limestone, White Italian Marble 

„ Portland 

„ Purbeck 

,, Ancaster 

,, Bramham Moor 

Bricks, London stock, average ... 
„ Leicester, wire cut, average 
„ Staffordshire Common Blue 





Crushing 


Strength. 


Authority. 








Tons per 


Pounds per 




square foot 


square inch 


Deacon 


185 


2,880 


Deacon 


107 


1,665 


Unwin 


1,412 


22,000 


J) 


1,614 


25,100 


Fairbairn 


1,086 


16,850 


Unwin 


712 


11,050 


>j 


609 


9,560 


)> 


309 


4,800 


Rennie 


1,400 


21,800 


Unwin 


516 


8,020 


Rennie 


587 


9,110 


r Royal 
\ Com. 


150 


2,330 


>) 


380 


5,900 


Unwin 


140 


2,180 


)> 


290 


4,500 


)> 


400 


6,210 
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TIMBEK. 

178. The tests to which a specimen of timber may 
be subjected are : — 

Tension, generally along the grain; 
Compression, both along and across the grain ; 
Cross- breaking or bending; 
Shearing, across the grain. 

Tension.— A tensile test of a bar of wood is not 
altogether satisfactory,, considerable difficulty being 
experienced in holding the piece so that there is little 
crushing of the ends and no shearing. If the ends 
are simply enlarged, as in a metal-plate specimen, it is 
probable that the parallel portion will be sheared out 
of the enlargement. One of the most satisfactory ways 
of forming the specimens so as to go in ordinary wedge 
holders is to make the piece parallel to begin with, and 
then diminish the 'cross section of the middle to a small 
extent only, the smaller section being approached by 
very gradual curves. 

Compression Tests are generally carried out on cubes 
or short cylinders of the wood, care being taken that the 
ends which come in contact with the compression plates 
are quite parallel. If the ends are rough, millboard may 
be used as a bedding material. 

Cross-breaking:. — This is easily carried out, and is 
probably the ihost satisfactory kind of test to which 
it is possible to subject timber. In testing a beam of 
timber on knife edges care must be taken to interpose 
small pieces of thin iron or steel plate between the 
specimen and the knife edges, to prevent penetration of 
the knife edges and the consequent damage to the 
material. 

A very convenient way of expressing the strength of 
a timber beam is to give the number of pounds required 
to fracture a beam lin. broad, lin. deep, and 1ft. span, 
assuming the truth of the ordinary beam formula ; in this 
way beams of different sizes may be compared. 

The modulus of elasticity of timber can easily be 
determined by making use of one of the appliances 
mentioned in paragraph 104, or by applying an extenso- 
meter to a tension specimen. 
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In the following table are given the strength properties 
of some of the timbers, as collected from various sources : 

STKENGTH PKOPEKTIES OF VARIOUS KINDS 

OF TIMBER. 



Timber. 



Tensile strength. 

Tons per square 

incli. 



Ash 

Beech 

Elm 

Fir, American 
„ Memel . . . 

„ Riga- 

Oak, English .. 

,, Canadian 

Teak 

Greenheart ... 



7-6 

from 10 to 5-1 
about 6-0 
3-4 
4-9 
5-6 
6-7 
5-4 
5-2 
3-3 



Crushing 

strength. 

Tons per square 

inch. 



Breaking 

strength 

of a 

rectangul'r 

beam, lin. 

square and 
1ft. span. 



4-0 
3-8 
4 



from 3-0 to 2-4 



3-7 
3-5 
5-3 
5-4 



Authority. 




Anderson 






Thurston 



The strength of timber is so very variable, on account 
of differences in age, climate, soil, time of felling, and 
seasoning, that the alDove figures must not be taken as in 
any way conclusive, but only as rough guides to the 
results that may be expected from tests. With the 
exception of the last set, the figures are^all taken from 
Anderson's book, and are, originally, from the experi- 
ments of Barlow, Bevan, Muschenbrock, and Tredgold. 

Thurston gives the values of the modulus of elasticity 
for timbers as varying from 447 tons per square inch in 
the case of white pine to 937 for teak, the mean value 
for 16 different kinds of timber being 681 tons per square 
inch, or l,525,0001bs. per square inch. 



Chapter XIII. 

STEENGTH PEOPERTIES OF THE PRINCIPAL 
MATERIALS OF CONSTRUCTION. 

In the present chapter the strength properties of 
the chief materials Used for engineering purposes, so far 
as they have not been referred to up to the present, will 
be briefly discussed, and standard test results given. 

» 

IRON AND STEEL. 

The most important materials used for constructive 
purposes at the present day are. the carburets and alloys 
of iron. These are usually classed as either wrought iron, 
containing little or no carbon ; steel, containing rather 
more carbon ; and cast iron, which has the largest per- 
centage of carbon. Each of these three contains so many 
different varieties that a more detailed classification is 
necessary, such as the following : — 

CLASSIFICATION OF IRONS AND STEELS. 

(1) Wrought Iron. — Consisting of iron containing not 
more than 0*35 per cent, of carbon. It has a fibrous fracture 
and is tough ; very malleable at high temperatures, and 
partly so at low temperatures ; is not susceptible to 
hardening effects to any appreciable extent. Produced 
either by puddling 'br a crucible process, in three or more 
grades. 

(2) Steel. — Consisting of iron containing from 0*35 to 
1*50 per cent, of carbon ; malleable at a red heat, and 
partly so when cold ; is non-fibrous and tough ; is more 
easily fusible than wrought iron ; and those steels high in 
carbon, or hard steels, possess the power of hardening 
when heated or quenched. But this property is only 
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possessed to a very slight extent by the low carbon or 

mild steels. 

» 

The steels may be divided into : — 

Mild or soft steel, containing 0*35 to 0*60 per cent, 
of carbon. 

Hafd steely containing 0*60 to O'SO per cent, carbon. 

Hardest steel, containing 0*80 to 1*50 per cent, 
carbon. 

Each of the above is produced in three or more 
grades. Besides these simple steels, there are several 
special steel alloys, consisting of carbon steels alloyed 
with a third constituent. These are : — 

Chrome steel. 
Manganese steeL 
Nickel steel. 
Tungsten steel. 
Aluminium steel. 



(3) Cast Iron. — Consisting of iron and loO to 6'00 
per cent, of carbon, as well as small quantities of 
manganese, silicon, sulphur, and phosphorus ; non- 
malleable at any temperatures, easily fusible, and not 
capable of being hardened or tempered in the ordinary 
way. 

. Cast irons may themselves be divided into : — 

(a) Foundry Pig. — Containing carbon, phosphorus 

and silicon. 

(b) Forge Iron, — Containing carbon, sulphur, and 

phosphorus, and little silicon and manganese. 

(c) . Spiegeleisen. — Containing chiefly manganese and 
silicon. 

a 

These alloys and carburets of iron will now be 
considered in detail. 
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THE STEENGTH OP WEOUGHT OE 
MALLEABLE lEON. 

179- Of the various alloys and mixtures of iron used 
in the arts, what is known as wrought iron is chemically 
the most pure, usually containing about 99*6 per cent, of 
chemically-pure iron. The other ingredients are : Carbon, 
of which there should not be more than 0*20 per cent, 
present ; silicon, which should not exceed 0*20 per cent. ; 
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Fig. 169.— Tension Load-strain Diagrams for Wrought Iron. 
A — Lowmoor plate ; B — High grade bar. 

sulphur, phosphorus, and copper. If carbon or silicon 
exist in the iron in greater quantities than those named 
the iron will approach the condition of steel, and will be 
rendered harder and less reliable. Sulphur and copper, 
even in very j-mall quantities, render the metal *'hot 
short," and difficult to work, while phosphorus has 
the effect of making the iron " cold short," that is 
to say, greatly lacking in ductility at the ordinary 
temperatures. ' * 
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There is a wide range in the varieties of wrought iron 
which are produced, varying from the highest quality 
Yorkshire irons — with a comparativeh' low tensile 
strength of from 20 to 28 tons per square inch, with 
an elongation on lOin. of 30 per cent., and reduction of 
area of over 40 per cent. — to the "common" merchant 
iron with a tensile strength of 22 tons per square inch or 
more, extension of from 12 to 2 per cent., and a reduction 
of area of from 20 to 5 per cent. 
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Fig. 170.— Compression Load-strain Diagram for Specimen of Lowmoor Iron 

UN. diam. and 2in. long. 



Wrought iron is characterised by the fibrous fracture 
which it exhibits under a tension test. This fracture may 
have a uniform, fine fibrous appearance, as in the best 
brands, or the fracture may be wholly or in part 
crystalline and laminated. The lamination is caused by 
the process of manufacture, and may be due to the 
presence of slag in thin layers, which prevents the metal 
from being properly united. The crystalline appearance 
may be in some cases caused by the sudden application 
of the load. 



The following table exhibits some of the strength 
properties of a number of brands of wrought iron as given 
by different authorities : — . 
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WEOUGHT lEON. TENSION AND 

COMPEESSION. 





Tension. 


Com- 
pression. 




• 

Description. 


• 


•i-i )r 
ft 


SI 


© O ^' 


©CO 

SS 

r 

2-1 


©^ 

/c 

Tons 

per 

-square 

inch. 


Authority. 




Tons per square 
inch. 


« 


Netherton Crown, 
*'Best" 


1 

15 04 21-60 
16-82 25 01 




— 




T*^! 1 1 


Netherton Crown, 
Rivet Iron 


Piatt 
)and 

1 TT 1 


S. C. Crown, 

Wrought Iron ... 


1713 
15-66 


24-56 
23-44 


Hayward 

fPopple- 
well and 
Coker 


Lowmoor (a) 

Lowmoor (b) 

Yorkshire 


14 00 28-95 
11-80 24-79 
13-16 23-69 


7 01 
12-65 

17-87 
17-50 

local 

6-67 

lOin. 

5-7 

lOln. 

9-6 

lOln. 

3-2 
24-70 
23-80 
15-10 
14-60 
24-6 

on ISiii. 

30-30 
22-00 
24-30 


5-9 

48-8 
51-4 

47-7 

5-4 

13-07 

4-41 

40-5 

32-00 

46-1 


13-33 
11-50 
13-00 
11-66 

9-45 


iThe 
1 Steel 
Com- 
, mittee 


S. C. Crown "... 


11-83 
12-50 

12-73 


22-63 

2210 

22-01 
21-15 

18-48 

22-53 


Lowmoor Iron 

Iron Ship Plates j... 
Iron Boiler Plates I 

jj >> T 
Prussian Plates, 
Annealed 1 


(Stro- 
[meyer 

^ Board of 
[Trade 
Report 

J Unwin 

\ 

)Kirkaldy 


Prussian Plates, 

Unannealed 11 

Prussian Plates, 

Annealed t 

Prussian Plates, 

Unannealed t 

Swedish Hammered 

Bars 


13-00 23-40 
12-04 21-70 
12-60 22-70 
11-05 i 18-80 

1 




Best Lowmoor Bars 

Treble "Best" 

Bars, on lOin. length 
Same, V-nicked ... 


11-10 21-00 

15-50 23-40 

24 06 

31-86 


vBennett * 



* I. M. E., 1886. t Across the Fibre. || With the Fibre. 
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The above values are for tension and compression. 
It will be observed that the failing stress in compression, 
which is really the elastic limit, is not very different from 
the elastic limit stress in tension. The strength of ship 
and boiler plates is less when tested across the fibre than 
with the fibre, the difference amounting to from 1 to 1*76 
tons per square inch. 

The two bars tested by Mr. Bennett were cut 
from the same bar, the first turned for a length of lOin., 
and the second simply nicked down to the same 
diameter. The results obtained in this case are similar to 
those already given. 

Typical load-strain diagrams for wrought iron in 
tension and compression are given on Figs. 169 and 
170. 



i8o. Mr. Stromeyer's Tests. — In the following table 
are given the results obtained by Mr. Stromeyer in 
tension tests of wrought iron which had been treated in 
different ways : — 



Particulars. 



Elastic 

Limit. 

Tons per 

sq. in. 



Maximum 
Strenffth. 



Local 
Elonga- 



Tons per i tion. 
sq. in. I Per cent. 



LowMOOR Ikon. 

Unprepared 

Quenched red-hot in cold water 

Annealed blue-hot two nights... 

,, ,, lour ,, ... 

Bent cold to a radius of 15in. 

and flattened ... 
Bent hot .(blue to straw) and 

flattened 
Twisted cold (90° in 12in. and 

L/CL0J!V i • m m ••• ••• ••• 

Twisted hot (blue to dark straw 
and back) 



12-5 ' 


221 


6-67 


• • • 


24-5 


7-02 


13-4 


21-7 


18-71 


U-1 


22-1 


1416 

1 


14-1 


23-2 


18-78 


12-5 


23-6 


7-06 


1 

15-2 


23-2 


8-46 


16-3 


24-6 


16-33 
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i8i. Elastic Moduli for Wrought Iron.— The modulus 
of elasticity in tension of wrought iron varies from 12,200 
to 13,500 tons per square inch in most cases ; these 
values correspond to 27,400,0001bs. and a little over 
30,000,0001bs. per square inch. 
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Fig. 171.— Torsion, Load-strain Diagram for Wrought Iron. 
Shaft 5in. long and 0'469in. diam. 



The modulus in compression is, if anything, slightly 
less than in tension for the same material, the ratio being 
about 1-03 to 100. 
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The third column in the following table contains some 
values for the modulus of rigidity, as obtained from 
torsion experiments : — 



Elastic Constants for Wrought Iron. 



Elastic Moduli. 



Kind of Iron. 



Tension 
E. 



Netherton Crown 

"Best" 

Netherton Crown, Rod 

S. C. "Crown" 

Merchant Bar 

Burden's Best 

Lowmoor Iron 

Dudley Iron : . 



Compres- 
sion E. 



Torsion 
G. 



Tons per square inch. 



Authority. 



12,650 


• •  


5,720 


12,820 


• • • 


6,120 


12,940 


• • • 


6,230 


13,603 


• • » 


• • • 


13,220 


12,740 


• • • 


14,280 


• • • 


• • • 


12,870 


« • • 


• • • 



I 



Piatt and 
Hay ward. 

Author. 
Ricketts. 
Knut Stvffe. 
Unwin. 
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Fio. 172.— Ultimate Strength of Wrought Iron at Different Temperatures 

(Johnson). 



182. Wrought Iron in Shear and Torsion. — Com- 
paring the values of shearing strengths, as obtained from 
direct shearing tests, with the tension strengths of the same 
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irons as shown in the following table, it will be seen that 
the ratio varies from 0*76 to 0*87. 

Calculating the coefficient of torsional strength by the 
usual torsion formula — which assumes perfect elasticity 
up to the point of fracture — from the mtimate twisting 
moments, it will be seen that in all cases the value is 
much larger than the shearing strength obtained from 
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Fig. 173.— Load-strain Curves from Mr. Orover's Tension Tests. 
A— Uncompressed ; B— Compressed and Annealed. 

direct tests. This discrepancy is caused by the false 
assumptions made. That the condition of a ductile 
material approaches that of perfect plasticity at the point 
of fracture in torsion — a condition involving a uniformity 
of torsional stress at every point of the section of the 
bar — is shown by calculating the coefficient of torsional 



352 



STRENGTH OF WROUGHT IRON. 



strength from the second formula, which assumes a 
uniformity of stress over the section. (See par. 16, p. 41.) 
The resuJts are shown in the fifth column of the following 
table ; . they agree very well with the direct shearing 
strengths : — 

Wrought Iron in Shear and Torsion. 



Material. 



Netherton Crown, 
best 

Netherton Crown, 
rivet 

S.C. Crown 

Merchant Bar, solid 

Merchant Bar, 
hollow 

Swedish hammered 

iron 

Rivet iron 

Do. 

Hammered iron ... 
Do. 



so 
9 



9 

E 



9 



X 
T, 
9 

3C 

c 
X 

9 

9 

eS 



II 






ft : fn 



Tons per Tons per 
sq. in. sq. in. 

21-60 I 18-76 

I 

25-01 ' 21-21 
24-56 20-72 



•-^'^ 



•*•' 

& 



c c 

9 

«X 

§.2 

^^ 

c 
H 



c c 
vx 

el 

o 



Authority. 



Tons per Tons per 
sq. in. sq. in. 



0-87 25-20 



0-85 28-87 
0-85 ; 29-50 



23-44 I 20-37 
23-44 I 20-37 



18-80 ! 15-20 



22 06 
22 06 



16-96 
16-90 



23-62 
23-35 



17-6 
17-3 



0-87 ' 28-85 



0-87 24-17 



0-81 



0-77 
0-76 
0-74 
0-74 



(18-90) 

(21 -60) 
(22-10) 



21-64 



20-39 



Piatt and 
Hayward. 



Popplewell 
and Coker. 



Single Shear. 
Double Shear. 

~25W 
23-85 



(19-30) 
(17-90) 



Kirkaldy. 



Talbot. 
Kirkaldy. 



On Fig. 171 is a load-strain diagram from a wrought- 
iron shaft tested by the author. 

183. Effect of Temperature on the Strength of 
Wrought Iron. — ^Variations of temperature affect the 
strength properties to a considerable extent. 

As the temperature to which the test bar is exposed 
during a tension test increases, the ultimate strength of 
wrought iron increases steadily up to about 450° to 
500° Fah., when it begins to diminish again, which it 
continues to do up to the highest temperatures which 
have been tried, viz., about 1,600° Fah. The rate of 
increase and decrease is shown graphically on Fig. 172. 
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The elastic limit follows somewhat the same kind of 
variation, except that ibe maximum strength is reached 
earlier, at ahoat 120°. 

The ductility of wrought iron, as shown by the ulti- 
mate extension, decreases until a temperature of nearly 
300° is attained, when it again begins to increase. 

The modulus of elasticity continually diminishes to a 
small extent as the temperature increases. Johnson 
gives this variation as 2 per cent, decrease for every 100° 
increase in temperature. 



184. The Effect on Wrought Iron of Previous Com- 
pression beyond the Elastic Limit. — This point has been 
investigated recently by Mr. F. Grover, by means of 
experiments on iron which had previously been compressed 
during the process of closing tyres on wooden wheels by 
West's process.' In this process, the tyre, which is slightly 
larger than the wheel to begin with, is "set" or 
compressed in place to the proper diameter by a series of 
radial hydraulic rdms pressing uniformly on the outer 
periphery. The results of tension tests made by Mr. 
Grover on bars of the uncompressed metal, and also 
upon bars cut from the compressed tyres, are given in 
the accompanying table : — 

• See pamphlet reprinted from ■• EngiDeer," September 3rd, 1897. 
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The conclusions arrived at from these tests arc : — 

(1) That high compressive strains applied to iron bars 
result in ra'sing the limit of elasticity in tension, and that 
the tension limit may be changed from til to 91 per cent. 
of the maximum tensile strength by increasing the 
intensity of the compressive stress applied. 

(2) That the tension modulus of elasticity is slightly 
lowered by the application of a high compressive stress. 

(3) That a ductile iron bar presenting a perfectly 
fibious fracture will, after the application of excessive 
compressive stress, be entirely changed to give a fracture 



of 100 per cent, crystalhne area, almost similar in appear- 
ance to that of cast iron. That the proportion of tibrous 
to crystalhne area is diminished as the compressive stress 
is increased. 

(4) That annealing a compressed bar restores it to a 
fibrous state. 

On Fig. 173, the curve marked A is that of a specimen 
of the uncompressed iron ; its fibrous laminated fracture 
is shown on Fig, 175. 

The curve B is for a specimen cut from a compressed 
tyre, and straightened cold. The fracture of this bar is 
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shown on Fig. 174, and it will be noticed that it is similar 
in appearance to that of a fine-grained cast iron. On 
annealing a broken half of this bar, and again testing it, 
the fracture was restored to the appearance of Fig. 175. 
The compression stress on this tyre, 26 tons per square 
inch, was in excess of that required. 

The fractures, before and after treatment, under a 
more moderate compression, are shown on Figs. 176 and 
177. 
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185. As regard 8 its chemical constituents, steel occupies 
a position midway between wrought iron, which may be 
regarded as commercially pure iron, and cast iron, which 
contains a comparatively large proportion of carbon, 
either combined or mechanically mixed. The percentage 
of carbon present in cast iron varies from 15 to 6 per 
cent., and in steel begins where cast iron ends, the hardest 
containing 1 '5 per cent, of carbon, and the softest kinds 
about 0*1 per cent. 

Steel may be broadly divided into two classes, viz., 
" hard " or ** cast " steel, used in the manufacture of tools 
of various kinds, and springs ; and what is known as 
"mild steel," employed in the construction of boilers, 
bridges, ships, and most large metallic structures. The 
former of these two classes is generally made by the 
carburisation of bars of wrought iron, afterwards melted 
in crucibles, cast into ingots, and forged and rolled into 
bars. On the other hand, the mild variety is made by 
several processes, in all of which cast iron is decarburised. 
Briefly, the processes used in the production of mild 
steel are as follows : — 

(a) The ordinary Bessemer process, in which the 
silicon and carbon are burnt out of the cast iron, and 
afterwards a sufficient amount of carbon is added in 
the form of ferromanganese or some other compound of 
iron, carbon, and manganese. In this process the 
converter or vessel in which the process is carried out is 
supplied with an acid lining. 
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Fiff. 173.— Tension Load-strain Diagrams for Steel 

A. — Low carbon bar steel. 

B.— AniK'saled tool steel. \ T«-wr.=«., 

C— Unannealed tool steel. J'' ^""'^"- 
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A. — Hlf(h rarbon steel. B. — Mild 8te4tl. 
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(b) The Bessemer basic process, in which the con- 
verter is provided with a basic Hning, which allows of the 
use of pig iron containing a moderate percentage of 
phosphorus, which is not possible in the ordinary Bessemer 
process. 

(c) The Siemens -Martin process, in which scrap 
wrought iron is fused at a high temperature in a bath of 
pig iron, the proportions being such that the resultant 
percentage of carbon is that of a soft steel. 

(d) The Siemens process, in which a quantity of rich 
haematite ore is added to the bath of molten pig, so as to 
effect the decarburising of the cast iron. 

These two latter processes are sometimes modified by 
the use of a basic lining to the furnace, in place of the acid 
lining usually employed, so as to allow of the use of 
phosphoric pig. 

No definite line of demarcation can be laid down 
between hard and mild steels, the one merging imper- 
ceptibly into the other. The following may, however, be 
taken as the most characteristic qualities of the two 
kinds : — 

Hard Steel. Mild Steel. 

Percentage of carbon, 6*0 Percentage of carbon, 1*5 

to 1*5. Tensile strength to 01. Tensile and crushing 

and crushing strength high ; strength lower ; soft and 

ductility low ; property of vfery ductile ; without the 

hardening and tempering; property of hardening or 

working requires consider- being tempered ; requires 

able care as compared with less care in working than 

mild steel. does hard steel, but more 

than wrought iron. 

Typical load-s train diagrams for steel in tension and 
compression are given on Figs. 178 and 179. 

Mr. Skelton* gives the percentage of carbon in the 
harder kinds of crucible cast steel as follows : — 

* *' Economies of Iron and Stool," Skelton. 



STRENGTH OF STEEL. 



359 



Percentage of Carbon in Crucible Cast Steel. 



Razor steel 



...contains 1*500 percent, of carbon. 



Hard file steel 

Turning-tool steel 

Steel for stocks, dies, &c 

Graving-tool steel 

Wood- working chisel steel 
Spring steel 



1-375 
1-250 
1-125 
1000 
0-875 



J? 



u 



71 



>> 



n 



0-500 to 0-550 per cent, 
of carbon (for railway 
vehicle springs). 



Mr. Skelton also gives the following as the strength 
properties of mild structural steel : — 

Composition and Strength of Structural Steel. 





Carbon. 


Silicon. 


Sulphur. 


Phos- 
phorus. 
Per cent. 


Mangan- 


Ultimate 
strength. 


Elonga- 
tion on 




Per cent. 


Per cent. 


Per cent. 


Per cent. 


Tons per 
sq. inch. 


Sin. 
Per cent. 


A 


0150 


trace 


0-043 


0-060 


0-600 


28-87 


24-5 


B 


140 


trace 


0-046 


052 


0-610 


28-85 


23 


C 


120 


trace 


0-050 


050 


0-580 


27-28 


23-3 


D 


0-100 


trace 


035 


0-045 


0-560 


23-06 


29 



The figures marked A and B are from strips cut from 
plates. In the case of C it will be seen that the lower 
percentage of carbon is accompanied by a falling off in 
tensile strength ; these figures relate to strips from 
plates Jin. thick. D is an extra soft steel for locomotive 
tubes. 



1 86. Tensile Strength of Structural Steel (Campbell). 

The figures in the following table will give a very good 
idea of the chief properties of structural steel in tension. 
The figures are taken from Mr. Campbell's book on 
'' Structural Steel " :— 
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Tensile Strength of Structural Steel. 





Chemical Composition. 


Average 
Tensile 


Aveiage 
Elastic 


Exten- 












Description of Steel. 


Ph. 


Si. 


Si. 


Mn. 


Strength 


Strength 


sion 




Below 
Per 


Per 


Per 


Per 


Tons per 
square 


Tons per 
square 


per 

cent, on 
sin 




cent. 


Cent. 


cent. 


cent. 


inch. ' inch. 




Extra dead soft. Basic 


04 


0-04 


06 


05 


22 01 


13-25 


27-50 


Bridge rivets. Acid or 
















basic open hearth ... 
Hard briage rivets 


04 




0-05 


05 


21-65 


13-40 


31 


0-04 


04 


0-05 


0-60 


25-70 


14-60 


30 


Common hard rivets ... 


06 


0-04 


06 


0-60 


25-70 14-60 


29 


Soft bridge steel ] 


06 














to 


0-06 


0-07 


0-50 


24-60 


14-25 


24 


0-04 














Medium bridge steel < 


06 














to 


0-04 


07 


0-60 


26-30 14-46 


23 


04 












Hard bridge steel ...\ 


06 








I 




to 


0-05 


07 


0-80 


28-10 


14-90 


21 


( 


04 














Extra hard bridge ) 
steel V 


06 

to 

04 


0-10 


07 


0-80 


29-90 


15-50 


19 


r 


0-06 












Forging steel < 


to 


0-10 


07 0-90 


33-50 


16-40 


17 


I 


04 














C 


05 














Hard forging steel ... < 


to 
03 


0-10 


0-07 0-90 


39-00 


19-50 


12-15 


Soft steel castings 


04 




06 0-08 


28-10 


14-05 


16 


,, ,, annealed 










26-80 


13-40 


20 


Hard steel castings 










30-40 


15-20 


15 


,, ,, annealed 










29 00 


14-5 


15 



Mr. Campbell also gives the following percentages of 
carbon which are usual for the chief kinds of steel : — 



'Kind of Steel. 



Tool steel 

Spring steel 

Rail steel ;. 

Boiler-plate steel 

Bridge steel 

Very mild steel . 



Percentage of Carbon. 



0-75 to 1-50 
About 0-50 
0-40 to 0-45 
0-25 to 0-30 
0-20 
0-10 to 0-15 



187. Strengi:h of Open-hearth Steel for Boilers. — In 

his paper on the above subject, Mr. Hamilton Goodall f 

t Min. Proc. Inst. C.E., vol. xcii. 
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gives a number of results of tests in tension and 
shear, as well as many drifting tests. The following is 
an abridgement of the chief results : — 

Open-hearth Steel for Boilers.* 



Material. 



Shell plate, Jg thick, un 
annealed 

Shell plate, {^ thick, an 
nealed 

Specimens cut from the welds 
of furnaces (average of six) 

Damaged plate 

Plate cut crosswise, un 
annealed 

Plate cut crosswise, annealed 

Plate cut lengthways, un- 
annealed 

Plate cut lengthways, an- 
nealed 

Average of 183 American 
specimens 



Elastic 

Limit. 

Tons per 

sq. inch. 



Maximum 

Stress. 

Tons per 

sq. inch. 



Elongation 
per cent. 



26-87 On Sin. 23-73 
27-45 „ 22-38 



»> 



26-75 
25-04 

34-25 
33-00 

32-75 

33 00 



24-6 
25 

15-62 
17-58 

20-7 

20-70 



26-36 On 15in. 23 38 



Reduction 

in Area 

per cent. 



45-30 
48 95 

57-67 

17-92 
41-38 

36-54 

43-77 

45-00 



Tests of the same steel used in the earlier of the above 
tests in shear gave the breaking stress in shear, when 
tested lengthways, as from 19*8 to 29*66 tons per square 
inch; and for plates cut crossways, 19*75 to 20*72 tons 
per square inch. 

These results give a ratio of ultimate shearing stress 
to ultimate tensile stress of about 75 per cent. 

1 88. Strengi:h of Tyre Steel. — The following results 
of tests by Mr. Arnold are given in his paper on 
" Bessemer Steel Tyres " J : — 

Tests of Bessemer Tyre Steel. 



Composition. Per cent. 


Tensile 
Strength. 
Tons per 
sq. inch. 


Extension 

per cent, on 

inches. 


Reduction 


C. 


Si. 


Mn. 


s. 


Ph. 


Chro- 
mium. 


in Area 
per cent. 


0-28 
0-25 
0-28 
0-32 
0-28 


07 
0-03 
0-08 
0-11 
Oil 


1-25 
1-75 
1-54 
1-46 
1-41 


0-08 
Oil 
010 
0-05 
0-07 


0-08 
0-11 
09 
0-07 
0-07 


0-42 
0-30 
0-64 


37 00 
42-10 
49-80 
50 00 
50-40 


26 on 2in. 
18 „ 

15 „ 

16 „ 
10 „ 


47 
26 
26 
29 
14 



I From Min. Proc. Inst. C.E., vol. xcv. 
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The following figures were also obtained from specimens 
of the same material, the bars having different measured 
lengths : — 



0-27 


0-04 


1-69 


012 


0-11 


0-26 


43-40 


22-3 on 2in. 
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>» 


>) 


tt 


tt 


tt 


tt 


42-8 


20-2 „ 4 „ 


34-3 


t> 


If 


tt 


It 


tt 


1 


43-80 


16-4 „ 6 „ 


35-6 


f> 


>» 1 


tt 


If 


tt 


» 1 


42-3 


16-2 „ 8 „ 


37-4 


»» 


tt 


tt 


)f 


tt 


1 


441 


13-2,, 10„ ' 


31-4 



Comparative tests of unhardened and hardened speci- 
mens of the same steel : — 



0-50 I 007 I 1-10 I 009 I 0-08 | 



Unhardened 

Water hardened 
Oil hardened 




14-9 on 

10-9 „ 

31 „ 



31-4 

30-0 

4-9 



In the discussion on the above paper, Mr. KirkaldyJ 
quoted the following results of tests on various grades of 
tyre steel : — 

Kirkaldy's Tests of Tyre Steel. 



stress at Elastic 

Limit. Tons per 

square inch. 


Maximum Stress. 

Tons per square 

incli. 


Extension per 
cent, on 5m. 


Reduction in Area 
per cent. 


27-55 


51-10 


22-7 


41-05 


27-50 


46-55 


23-0 


43-95 


21-20 


45-20 


135 


17-90 


21-95 


43-10 


245 


3905 


19-65 


32-45 


4-1 


5-00 


19-80 


35-90 


9-2 


10-40 


20-40 


33-55 


25-5 


53-75 


16-85 


23-95 


6 05 


5-70 



189. The Stren^rth of Gun Steel. — The treatment and 
strength of the steel used in the manufacture of ordnance 
has been fully discussed in a paper by Col. Maitland, R.A.§ 
The paper is accompanied by a large number of test 
results, some of which are quoted below. The material 
bearing the name of gun steel is a ductile metal having a 
tensile strength of about 30 tons per square inch in its 

§ " The Treatment of Gun Steel," Min. Proc. Inst. C.E., vol. Ixxxix. 
I From Min. Proc. Inst. C.E., vol. xcv. 
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soft state, and about 45 tons per square inch when it has 
been hardened in oil. This hardening is effected by 
immersing the steel at a temperature of 1,450° Fah. in a 
bath of cool oil. Col. Maitland further states that the 
chemical composition is about 0*25 to 0*50 per cent, of 
carbon and 0*80 to 0*05 per cent, of manganese. The 
following figures comprise the chief test results quoted by 
Col. Maitland : — 

Tensile Strength of Gun Steel. 



Description of Mateiial. 


Elastic 

Limit. 

Tons per 

Rq. inch. 


Maximum 
Strength. 
Tons per 
sq. inch. 


Elongation 

per cent. 

on 2in. 


Sample from ingot, cut longitudin- 
ally, heated once, but not worked 

Piece cut longitudinally from ingot, 
heated twice, and worked once... 

Piece heated four times, worked 
three times, cut longitudinally ... 

Piece cut from gun tube, across 
grain, and soft 


15-40 
14-60 
24-20 
1600 
28-20 
15-80 

29-40 
27-20 
14-80 
2600 

2600 

30 00 


31-80 
32-00 
32-60 
34-60 
45-20 
35-20 
52-90 

46-00 
40-40 
3300 

41-80 

4000 
4400 


19-50 
26-50 
31-0 
110 


Piece cut from gun tube, across 
grain, oil-hardened 


10-0 


Cut from gun tube, with grain, 
soft 


24-0 


Cut from gun tube, with grain, 
oil-hardened 


140 


Cut longitudinally from gun tube, 
tempered at 1,450°, and boiled in 
oil at 800° 


19-5 


Cut longitudinally from gun tube, 
annealed in ashes at 1,000°' 

Cut circumferentially from gun tube, 
soft, and unboiled 


24-0 
20-0 


Cut circumferentially from gun tube, 
tempered at 1,450°, and unboiled 

Cut circumferentially from gun tube, 
tempered at 1,450°, heated to 
1,000°, and annealed 


17-0 
230 


Cut circumferentially from gun tube, 
tempered at 1,450°, not boiled, 
but re-tempered at 1,450° 


100 







The above figures are not average results, but are 
selected from a large number of those quoted. 
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190. Tests of Fluid-compressed Steel. — Some interest- 
ing results are given by Mr. W. H. Greenwood || as to the 
relative strength of stiel from fluid-compressed ingots, 
and steel from ingots having the same composition and 
treatment but not having been compressed. The results 
show, what is always held to be the case, that in all 
respects the fluid-compressed steel is better than that 
from the uncompressed ingots. 



Table I, — Comparison of the Averages of Longi- 
tudinal Tests of Strength from an Uncompressed 
Ingot, with the Corresponding Tests from 
Pressed Ingots. 



Material. 


Elastic 

Limit. 

Tuns per 

sq. inch. 


Brealxing 

Tensile 

stress. Tons 

per sq. inch. 


Reduction 

of Area 

per cent. 


Extension 

per cent. 

on 4in. 


Longitudinal Pieces. 

Uncompressed ingot 
(35 specimens) ... 

Pressed ingot (49 
specimens^ 


11-11 

11-45 


29-18 
29-53 


4-11 
7-90 


8-76 
12-51 






Diametrical Pieces. 

Unpressed ingot (35 
pieces^ 


11-43 
lS-38 


• 28-64 
3007 


3-61 
7-57 


7-91 


Pressed ingot (49 
pieces^ 


12-74 







In addition to the above results of tests of the metal 
as taken direct from the ingot without it having under- 
gone any subsequent treatment, Mr. Greenwood quotes 
the following, obtained from fluid-compressed steel which 
has undergone the operations of forging and hardening: — 

- - — 

II Min. Proc. Inst. C.E., vol. xcviii. 
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Table II. — Tests of Pieces taken from Fluid- 
compressed Steel Forgings. 



Material. 



Gun tube, forged and an-1 

nealed J 

Gun tube, forged & annealed 

>> >> >> 
Hoops for 1 lin. guns 

>> )) >> 

Gun tube, tempered in oil . . . 

Shell metal, unhardened 

,, in soft state 

Same metal, after being hard- 
ened and fired from gun, 
from nose 

Same metal, nearer the rear 
,, „ at rear 



Elastic 

Limit. 

Tons per 

square inch. 



27-59 
28-53 
29-46 
24-77 
18-75 
16-74 
27-46 
35-82 
4-98 



6608 
52-24 
46-86 



Ultimate 

Strength. 

Tons per 

square mch. 



49-56 

53-58 

46-89 

34-83 

30-81 

53-57 

61-4 

3304 



84-46 
7903 
71-00 



Elongation 
percentage 
on inches. 



18-3 on 4in. 
17-9 
20-2 
17-2 
18-9 
180 
8-9 
60-88 on 5in. 



4-7 on -^yrin. 

6*0 on yV^- 
7-6 on ^in. 



In the last-mentioned tests of shell steel the metal 
was all taken from the same ingot. The first set of 
results are the average of three test pieces forged from 
the ingot and left in the soft state, while the last three 
sets of figures are from the metal of a shell which has 
been forged, turned, bored, and hardened in the usual 
way, and then fired at an armour plate, from which it 
rebounded. 

191. 5treng:th of Manganese Steel. — The alloy of iron 
and manganese with a small percentage of carbon, commonly 
called manganese steel, possesses strength properties 
which render its use important for very many purposes. 
Steel containing only small percentages of manganese up 
to about 1 per cent, are not affected to any noticeable 
extent by the proporton of manganese present. When 
the percentage is increased gradually up to about 8 per 
cent, the ultimate strength of the metal is impaired. 
But beyond this, up to about 18 per cent., the increase of 
manganese is accompanied by an increase . of strength, 
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and if the quantity is still further increased beyond this 
a diminution of strength results. It will be seen from the 
following figures that with a percentage of manganese of 
about 14 the steel possesses self -hardening properties, 
hardening when simply heated and allowed to cool in air. 
Cooling in oil and water still further hardens the metal. 

In a tensile test of manganese steel it is noticed that 
there is no very well-marked yield point ; but the most 
remarkable feature is the almost entire absence of local 
contraction, the bar elongating over the whole length 
uniformly up to the point of fracture, indicating great 
uniformity in the molecular structure of the material. 

The following figures, taken from Mr. Hadfield's^ 
paper on ** Manganese Steel," give some indication of the 
influence of manganese in various proportions on the 
strength of the steel. 

In table I. are given results of tests of specimens of 
manganese steel having different percentages of manganese 
present. Tables II. and III. comprise results of tests of 
Hadfield's ordinary steel. These latter are quoted for 
comparative purposes. 




Percentage of Manganese. 

Fig. 180.— Showing the Effect of Manganese upon the Ultimate 

Strength of Steel. 

The diagram on Fig. 180 shows graphically the effects 
on the strength properties of the steel of varying 
percentages of manganese. 

*[ "Manganese Steel," Min. Proc. I.C.E., vol. xciii. 
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Table I. — Tests of Hadfield's Manganese Steel. 



Analysis. 
Per cent. 

C. Mn. 


Treatment. 


Breaking 

T^oad 

per sq. 

inch on 

Original 

Area. 

Tons. 


Elonga- 
tion, 
per cent 
on Sin. : 


Reduc- 
tion in 
Ar€a 
per cent.' 


Appearance of 
Fracture. 


0-20 


0-83 


Tested as rolled ..; 


33-5 


31-49 


45-74 


Good 


0-40 


3-89 


Tested as rolled . . . 


38 


0-5 


• • • 


Granular 




6-95 


Forged into test bar 
and no further 
treatment 


25-43 
2107 
18-76 
23-25 


1-50 
2-34 
1-56 
1-56 


• •  

• • » 

• •  

• • • 


Close 


0-52 


Heated white hot 
in cooled air 

Heated white hot 
in oil 


Coarse and 
granular 

Very coarse 
and bright 

Coarse and 




Heated white hot 
in water 






granular 




7-22 


Forged into test bar 
and no further 
treatment 


27-44 
26-66 
24-89 

24-63 


1-56 
4-68 
3-12 

1-56 


  « 
• • • 

 • • 

 « « 


Fine grain 
Coarser grain 
Open grain 

Rather finer 


0-47 


Heated as above 
and cooled in air 

Heated as above 
and cooled in oil 

Heated as above 
and cooled in 
water 








• • « 


7-50 


Tested as rolled ... 


38-75 


4-3 


8-8 


Granular 


0-50 


7-90 


Heated as above 
and cooled in air 

Heated as above 
and cooled in oil 


28-35 
29-61 


7-81 
7-03 


• 

• • • 

 • • 


Coarse and 
granular 

Coarse and 
granular 


• •  


9-20 


Tested as rolled . . . 


40 


6-1 


10-4 


Granular 




9-37 


Forged into test bar 
and no further 
treatment 


32-59 
37 -706 
38-20 

38-87 


5-46 
15-62 
14-84 

14-84 


• •  

• • • 
« • • 

 • • 


Granular 


0-61 


Heated as above 
and cooled in air 

Heated as above 
and cooled in oil 

Heated as above 
and cooled in 
water 


Coarse and 
granular 

Coarse and 
granular 

Finer 
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Tests of Hadfield's Manganese Steel (Continued). 



Analysis. 
Per cent. 

C. Mn. 


Treatment. 


Breaking 

Load 

per sq. 

inch on 

Original 

Area. 

Tons. 


Elonga- 
tion 
per cent, 
on Sin. 


Reduc- 
tion in 
Area 
per cent. 


Appearance of 
Fracture. 


MO 


12-60 


• 

Forged into test bar 
and no further 
treatment 

Heated as above 
and cooled in air 

Heated as above 
and cooled in oil 

Heated as above 
and cooled in 
water 


39-27 
37 07 
50-25 

53-91 


2-34 
10 93 
28-12 

27-34 


• • « 

•  • 

• • • 

• • • 


Close grain 

Coarse and 
granular 

Partly 
fibrous 

Partly 
fibrous 






110 


12-60 


Tested as rolled ... 


42 


31 


3-6 


Granular 


0-85 


13-75 


Heated to high heat 
and then cooled 
in water 


63-47 


45 3 


... 










0-85 


13-75 


No 19G hard drawn 
wire 


rllO-7) 

^107-9 > 
i 103 -8 J 


This was slightly 
softened in solder- 
ing to the holder. 












1401 
18-4 


Forged into test bar 
and no further 
treatment 


33-43 

47-90 
55-04 

67-13 


1 56 

14-06 
26-56 

44-44 




Slightly de- 
fective. Fine 
grain 

Granular, 
fine grain 

Fibrous 

Fibrous 


0-85 


Heated as above 
and cooled in air 

Heated as above 
and cooled in oil 

Heated as above 
and cooled in 
water 










Forged into test bar 
and no further 
treatment 


51-245 
38-973 

53-249 


0-78 
0-78 

101 




, 


1-54 


Heated as above 
and cooled in air 

Heated as above 
and cooled in 
water 


• • • 










21-69 


Forged into test bar 
and no further 
treatment 


35-97 
33-67 
33-28 


8-59 

11-71 
10-93 




Fine. Nearly 
22 per cent. 
Mn and 2 
per cent. C, 
yet forge- 
ablft^ 


210 


Heated as above 
and cooled in air 

Heated as above 
and cooled in oil 
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Hadfield's Unhammered Steel Castings. 



Number. 


Breaking Load 

in tons per 
square inch on 
Original Area. 


Elongation 

per cent, on 

2in. 


Reduction 

per cent, on 

Area. 


1 


32-50 


2900 


• 40-42 


2 


32-50 


27-90 


33-44 


3 


34-50 


27-77 


35-20 


4 


3200 


26-85 


30-98 


5 


4000 


1900 


2000 


6 


45-00 


15 00 


18-00 


7 


52-00 


4-00 


6-35 


8 


56-80 


4-00 


5-50 


9 


64-00 


6-00 


8 00 



Hadfield's Forged Cast Steel. 



Number. 


Breaking Load 

in tons per 
square inch on 
Original Area. 


Elongation 

per cent, on 

2in. 


Reduction 

per cent, on 

Area. 


1 


26-50 


40-30 


62-76 


2 


33-50 


31-49 


45-74 


3 


46-50 


27-02 


42-04 


4 


53-00 


25-61 


3200 


5 


68-50 


11-75 


21-06 


6 


75-00 


10-00 


16-54 


7 


84-00 


11-86 


17-50 


8 


104-00 


3-40 


8-40 


9 


125-00 


0-95 


2-24 



192. Effects of Working: Iron and 5teel at a Blue 
Heat. — In the accompanying table are some results 
obtained by Mr. Stromeyer from tests of samples of 
Siemens-Martin steel. It was pointed out by the author 
of the paper from which these results are taken that it is 
usually held that steel may be safely worked at a proper 
red heat or cold, but that the effect of working the steel 
at a "blue" or, more properly speaking, "black "heat — 
that is to say, a high temperature which is short of render- 
ing the metal incandescent — gives rise to effects very 

Z2 
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deleterious to the metal. It will be seen that the specimens 
were treated in a great variety of ways : — 

* Stromeyer's Tests of Steel. 



Particulars. 



Elastic 

Limit. 

Tons per 

square inch. 

About. 



Siemens- Martin Steel. Medium 
Hard. 57*7 tons. 

Annealed red hot 

Quenched red hot in boiling 

water 

Quenched red hot in cold water 
Annealed red hot, bent hot 

(violet to straw), and flattened 
Siem>en8- Martin Steel. Mild. 
28-2 tons. 

Annealed red hot 

Quenched red hot in boiling 

water 

Quenched red hot in cold water 
Annealed red hot, bent hot (blue 

to dark straw), and flattened. 

Siemens- Martin Steel. Very 
Mild. 23-4 tons. ' 

Unprepared 

Quenched red hot in cold water 
Annealed blue hot, two nights . . 
Bent cold to a 15in. radius and 

flattened 

Bent hot (blue to straw) and 

flattened 



19-6 

27-2 
39-1 

19-6 



16-1 

22-3 
23-0 

18-3 



18-3 
26-3 
19-3 

18-5 

22-8 



Highest 

Tensile 

Strength. 

Tons per 

square inch. 



32-5 

38-5 
48-2 

33-9 



26-5 

370 
36-5 

29-9 



27-2 
39-0 
27-4 

28-1 

29-5 



Local 

Elongation 

per cent. 



11-54 

5-83 
M7 

16-73 



34-72 

16-46 
12-47 

20-16 



24-80 
19-42 
20-61 

17-98 

29-40 



193. Tests of Steel from Crank Axle^. — In making 
tests of this material it is usual to take the specimens 
from the slabs cut out in forming the cranks : some 
of the specimens should be cut radially, and others 
circumferentially or' at right angles to the axis of the 
shaft. One of these specimens is shown in the accom- 
panying figure (181). The specimen is very small, and only 
allows of measurements being taken on about 2in. 

 Min. Proc. Inst. C.E., vol. Ixxxiv. 
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The following are a few results of teats of axle steel 
giveji by Mr. Kirkaldy : — 

t Kirkaldy's Tests of Steel from Locomotive 
Crank Axles. 





No o! 
Teste. 


Ltmit Stream. 

Tons per 
square Wh 


Ultimate 


PercentJige Heductlon 
onST percent. 

1 


"Vickers, Sons, 

■&Co 

Vickera, Sons, 

&Co 

Vickers, Sons, 

&Co 


82 
78 

47 
43 

34 


10-74 

10-50 

13-32 
13-15 
14-54 


25-85 

24-65 

27-80 
27-60 
30-00 


24-0 

25-9 

34-2 
32-3 


329 
32-7 
51-5 


Krunn 











The above figures repreaent the mean results of the 
number of tests made, and may be taken as typical. 



t Abridesil from Kirkaldy's ■' StreiiKtli an,! P 
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194. Nickel steel. — ^A most valuable alloy is obtained 
by adding a small portion of pure nickel to a low carbon 
steel. It is found that up to a certain point the presence 
of nickel increases the ultimate tensile strength of the 
metal, and, still more, the elastic strength. 

The following figures, given by the Bethlehem Steel 
Company, shows very clearly the effect of nickel on iron 
containing a small percentage of carbon: — 



Strength of Nickel Carbon-iron Alloys. 



Percentage. 
Nickel. 


Percentage. 
Carbon. 


Elastic 

Tiimit. 

Tons per 

square inch. 


Ultimate 

strength. 

Tons per 

square inch. 


Elongation 
per cent. 


Reduction 

in Area 

per cent. 




0-20 


12-50 


24-50 


34 


60 


3-50 


0-20 


21-20 


3800 


26 


55 




0-30 


16-50 


33-50 


30 


50 


3-50 


0-30 


26-80 


42-50 


22 


48 




0-40 


19-20 


38-00 


25 


45  


3-50 


0-40 


3210 


49-10 


18 


40 




0-50 


21-40 


42-40 


21 


40 


3-50 


0-50 


38-00 


55-80 


13 


32 



Mr. Browne states that it may be taken that, compared 
with simple steels having the same tensile strength, a 
3 per cent, nickel steel will have 20 to 30 per cent, greater 
elongation; while, compared with simple steels of the 
same carbon percentage, a nickel steel will have about 40 
per cent, greater tensile strength. 

Where nickel is alloyed with iron almost pure, and 
containing little or no carbon, the increase of nickel 
increases the tensile strength, both ultimate and elastic, 
but especially the latter, until a percentage of nickel of 
about 8 is reached ; on further increase of nickel the 
strength diminishes up to about 60 percent., when a small 
increase again takes place. 
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It has been stated that the most remarkable effect 
which the presence of nickel produces is to increase the 
ratio of elastic limit to ultimate strength. This is shown 
in the following table taken from Rudeloff 's experiments : — 

Effect of Nickel on the Ratio of Elastic Limit 

TO Ultimate Strength. 



Nickel. Per cent. 


Ratio of Elastic to 
Ultimate. Per cent. 





45 


1 


49 


2 


55 


3 


59 


4 


66 


5 


73 


8 


79 



In the above alloys the nickel was added to a steel 
very low in carbon. This is shown graphically in the 
following diagram, Fig. 182 : — 



lOQf 



1 80 
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I 60 
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Increasing Amount of Nickel. 
Fig. 182.— Showing'Effect of Nickel on the Strength of Steel 
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195. The Compressive Strength of low carbon steel is 
effected in the same way as is the- tensile, an increase of 
nickel meaning an increase of compressive strength, the 
maximum being reached at about 16 per cent., beyond 
which point tEe strength diminishes. Mr. Hadfield gives 
the compressive elastic limit for a steel having 11 '39 per 
cent, nickel as 100 tons per square inch. 

196. In 5hear also the same result is found to take 
place, the maximum strength being reached with about 
16 per cent, nickel, the shearing strength at this point 
being about 43 tons per square inch. 

J Mr. Browne gives the result of a test of a nickel steel 
tyre, the steel being made at the Parkhead Forge in 
Glasgow. The steel contained 18 per cent, carbon and 
3. per cent, nickel, and yielded results of 24-50 tons per 
square inch elastic limit in tension ; 38*80 tons per square 
inch ultimate strength; 28*7 per cent, elongation ; and 
46 per cent reduction in area. 

Nickel steel appears to possess excellent qualities for 
the purposes for which tool steels are used. In this case 
the percentage of carbon is raised also. It hardens and 
tempers well, and retains more of its ductile properties 
under the hardening treatment than do ordinary steels, 
and attains a remarkably high tensile strength when 
hardened. 

Another valuable property of nickel steel is its 
incorrodibility.* Tests would appear to show that this 
alloy resists the attacks of damp atmosphere and cor- 
rosive fumes to a remarkable degree. 

197. Elastic Moduli for Steel — The modulus of elas- 
ticity for steel in tension and compression varies from 
26,000,0001bs. to about 31,000,0001bs. per square inch, 
the more usual values being between 28,000,0001bs. and 
30,000,0001bs. per square inch. For the same material 
the modulus in tension is, as a rule, slightly higher than 
that in compression. That the modulus of elasticity does 



J From Browne, American Institute of Mining Engineers, California 

Meeting, 1900. 
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not necessarily vary to any great extent with the other 
properties, both chemical and mechanical, is shown by the 
following figures, quoted by Johnson : — 

§ Modulus of Elasticity of Steels having Different 
Percentages of Carbon. (Marshall.) 



Number of 
Heats and 

Tests. 


Average 

percentage of 

Carbon. 


Elastic 

Modulus. 

Tons per square 

inch. 


Kind of Steel Tested. 


33 

8 

107 

89 

25 


0-09 
0-11 
0-24 
0-34 
0-72 


13,360 
13,400 
13,390 
13,240 
13,360 


Bessemer 
Open hearth 

Bessemer 
Open hearth 



Other tests by Mr. Marshall give the average elastic 
modulus of nine bars of the same material as 13,710 tons 
per square inch in tension, and the average result of nine 
bars of the same material in compression as 13,150 tons 
per square inch ; corresponding results from eight bars 
of spring steel are respectively 13,170 and 13,070 tons 
per square inch. The modulus is thus seen to be higher 
in tension than in compression. 

RiCKETTs' Tests of the Elastic Modulus of Steel. 





Elastic 


Elastic 




Kind of Steel. 


Modulus. 

Tons per square 

inch. 


Modulus. 

Tons per square 

inch. 


Ratio of Et 
toEc. 




Tension Et. 


Compression Ec. 




Open hearth steel rivet. 


13,600 


13,160 


1033 


>> yf 


13,630 


13,080 


1043 


» >> 


13,660 


13,100 


1043 


» j> 


13,610 


13,110 


1-044 


»» >> 


13,140 


13,100 


1-035 


Bessemer steel 


13,110 
13,610 


12,830 
13,380 


1014 


)) 


1020 


fi 


13,350 


13,000 


1-027 


>J 


11,900 


13,100 


1-109 



§ From experiments by Marshall, Trans. Am. Soc. C.E., vol. xvii. 
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The above figures, taken from a paper by Mr. Sieketts 
in the American Society Civil Engineers, in 1887, are from 
the results of a large number of tests of samples of steel 
having various percentages of carbon. For each set the 
figures higher up the list contain the smaller percentage 
of carbon. It will again be noticed that the modulus is 
in all cases higher in tension than in compression. 

198. Modulus of Rigidity for Steel. — The following 
table contains values of the modulus of direct elasticity 
and the modulus of rigidity, taken from various sources : 

Values for the Modulus of Direct Elasticity and 

Modulus of Rigidity. 





Modulus of Elasticity E. 


Modulus 

of 
Rigidity. 

0. 
Tons per 
sq. inch. 


Ratio. 
G 
£ 




Material. 


Tension. 
Tons per 
sq. inch. 


Com- 
pression. 
Tons per 
sq. inch. 


Bending. 
Tons per 
sq. inch. 


Authority. 


Bessemer steel 
from Ternitz . . . 

Siemens- Martin 
steel from Neu- 
berg-Mariazell. 


14,740 
13,380 


r 14,800 
\ 14,500 

13,405 


13,960 
13,430 


5,625 
0,315 


0-388 
396 


Banschin- 
L ger, from 
Unwin. 

1 


Bessemer steel ... 
Crucible steel ... 
Siemens-Martin 
steel 


13,160 
13,280 

13,000 

12,900 
13,560 






5,750 
6,100 

5,980 

5,830 

5,820 


0-437 
0-538 

0-460 

0-452 
0-430 


^ Piatt and 


Landore rivet 
steel 


Hayward. 


Cast steel 


> 






Ordinary mild 
steel 


13,870 










Author. 



199. Determination of the Elastic Modulus by a 
Committee of the British Association. — These tests were 
primarily imdertaken for the purpose of comparing the 
behaviour of the different kinds of extensometers in use, 
and have already been mentioned (p. 125). The results 
of tests on six different bars of steel are given. The bars 
tested were as follows : — 

Flat bars, A and B, of ordinary mild steel. 

Cylindrical bars, E and F, of specially strong steel, 
rolled for the committee by the Blaenavon Company. 
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Cylmdrical bars, K and L, of the same material as the 
above. Seven different extensometers were used, with 
the following results : — 

Tension Modulus of Elasticity of Steel Bars. 



Bar. 


Number 

of 
Observers. 


Mean Elastic Modulus, in 

tons per square inch, of all 

results oi all observers. 


A 
B 


4 

4 


\1:IZ\ »••»' 


E 
F 


4 
3 

* 


\iZ) "•"» 


L 


4 
4 


mit] '».'« 



200. Strength of 5teel in 5hear and Torsion. — 

The ratio of the ultimate shearing strength of steel to 
its strength in tension has already been referred to 
(p. 167), and some results collected from various sources 
are there given. Some of these are repeated in the following 
table, with the addition of others. The ultimate shearing 
strength, as calculated from the breaking moment in torsion 
tests, is also quoted in some cases. Two values of this 
coefficient of torsional strength have been calculated. The 
first is calculated by the usual torsion formula, which 
assumes elasticity up to the point of fracture, the formula 
being 



TT 



R^ 



The second formula assumes equality of stress over the 
cross section of the shaft at the point of fracture, and is 



/ 



3 T 



^ 27r R' 



The results in the table show that the conditions 
assumed in the second formula are those which actually 
obtain, the coefficients being in most cases very near the 
shearing strengths as obtained from direct shearing experi- 
ments. The figures in brackets are not given by the 
authorities named, but have been calculated by the author 
frqm the published results. 
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In the author's torsion tests the results are the averages 
of five tests of solid shafts and five hollow shafts : — 
The Strength of Steel in Shear and Torsion. 



Material. 



Bessemer steel — 
Turton Bros. — 
(mean of 3) ... 

Crucible steel — 
Sir J. Brown & 
Co. — (mean of 

3) 

Landore rivet 
steel (mean of 

3) 

Cast steel — Sir J. 

Brown & Co. — 
' (mean of 3) ... 
Siemens - Martin 

steel (mean of 

3) 



Ordinary mild 
steel, solid 

Ordinary mild 
steel, hollow... 



m 

go 

a 

H 



Tons 

per sq. 

inch. 



52-20 



5216 
28-40 
38-04 
26-75 



25-95 
25-95 



u . 



Tons 

per sq. 

inch. 



35-21 



33-30 
23-00 
27-6 
21-05 



22-45 
22-45 



Ratio. 

/t 



0-68 



0-64 
0-81 
0-73 

0-82 



0-86 
0-86 






•M S 

o <0-. 

■^ o 
H 



II 



« ®r IS* 
••^ '"1 CQ 



O OS 

Eh 



J^ 



Tons 

per sq. 

inch. 



44-64 



42-30 
29-85 
34-7 
28-13 



29 09 
27-51 



< 



Tons 

per sq. 

inch. 



Authority. 



(35-50) 



(31-70) 



(22-40) 



(26-00) 



(21-15) 



21-82 
23-15 



Piatt and 
Hayward, 

Min. Proc. 
I.e. £. , 
vol. xc. 



Popplewell 
and Coker, 
Min. Proc. 
I.C.E., vol. 
cxxii. 



On Fig. 183 is given a load-strain curve for a shaft 
specimen of mild steel tegted by the author. 

20I. The Strength of 5teel Castings. — Some of the 
best test results for steel castings are those by || Mr. Abbott, 
of Messrs. Fairbanks. Mr. Abbott made a very complete 
series of tests of steel castings in tension, compression, 
and bending, the castings being made from similar 
patterns by ten different steel makers in the United States. 
Mr. Abbott gives the size of his test bars as follows : — 

For tension, IJins. diam., lOins. long between the 
gauge points. 

For compression, 2ins. -square, 2^ft. long. 

For transverse stress, 2ins. square, and 2ft. long. 

II Min. Proc. Inst. C.E., vol. Izxxiii. 
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Twisting moment. Inch pounds. 
Fig. 183,— Load-strain Diagram for Shaft of Mild Steel. 

5in. long and 0'473in. diam. 

The results of the tests on the 10 different metals are 
set forth in the following table : — 

Strength of Steel Castings. 



No. 


Elastic 

Limit 

Tension. 

Tons per 

sq. inch. 


Ultimate 

Tensile. 

Tons per 

sq. inch. 


Elongation 
per cent. 

1 


Elastic 
Limit in 
Compression 
Tons per 
sq. inch. , 


Elastic 
Transverse 

Limit. 
Pounds per 

sq. inch. 


Ultimate 
Transverse. 
Pounds per 

sq. inch. 


1 


12-90 


19-45 


6-00 


15-61 


6,000 


8,000 


2 


11-44 


16-47 


0-40 


13-97 


2,500 


3,870 


2 


11-45 


18-85 


0-80 




2,600 


3,950 


3 


10-30 


19-75 


6-00 


10-90 


3,000 


4,181 


4 


9-54 


17-10 


10-00 


11-50 


3,950 


5,720 


6 


13-90 


20-65 


2 00 


13-25 


4,000 


6,259 


7 


16-00 


25-30 


1000 


16-10 


4,000 


5,480 


9 


15-85 


23-30 


900 


12-05 


4,000 


6,810 


9a 


17-10 


28-1 


29-00 








9a 


17-10 


28-00 


20-5 






•vi 


10 


7-82 


14-35 


8-00 


9-14 


2,500 


4,010 
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Mr. Abbott further gives the average modulus of 
elasticity for all the bars tested as 10,900 tons per 
square inch. It will be seen that the elastic limit in com- 
pression is not very different from the elastic limit in tension. 

Results by other investigators accord fairly well with 
those just given, although in some cases the tensile 
strength gets up to 45 tons per square inch. Mr. Hill's 
results show that, although the tensile strength is not 
greatly affected by annealing, the ductility, as shown by 
the extension and reduction, is greatly increased. 

Other Special Steels. — Tungsten, when added to 
steel in the proportion of about 8 per cent., produces a 
metal of great natural hardness, which is not increased by 
quenching, nor diminished by annealing. Tungsten steel 
requires great care in working. 




400 "BOO gOO 1000 1200 

Temperatupe. Degrees F. 

Fig. 184 —Effect of Temperature on the Strength of 
High Carbon Steel. (Johnson.) 

Aluminium, added to good-class wrought iron, enables 
the metal to be formed into castings, called Mitis castings, 
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having the properties of wrought iron, except that they 
are homogeneous and without the appearance of fibre. 
These give a tensile strength of about 27 tons per square 
inch. 

When added to steel, aluminium makes it possible to 
produce much sounder castings that without it. 

The Effect of Temperature on the strength of steel is 
shown graphically on Fig. 184. 
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202. The chief mechanical properties of cast iron, as 
distinguished from wrought iron and steel, are its non- 
malleability at all temperatures, brittleness, fusibility, high 
compressive strength, and low tensile strength. 

The chemical constituents of this material are 
chemically pure iron, carbon (either combined or mechani- 
cally mixed), silicon, sulphur, phosphorus, manganese, and 
arsenic. Of these, the sulphur, phosphorus, arsenic, and 
silicon remain as impurities, which are not eliminated 
during the processes of manufacture ; the carbon and man- 
ganese remain as important ingredients, whose presence 
largely determines the mechanical qualities of the iron. 

The percentage of carbon present in cast iron, either 
combined or mixed, varies from 1*5 to 6*0 per cent, 
according to the process by which the iron has been 
produced. It is customary for ironfounders not to make 
the castings from one kind of pig only, but to mix two or 
more kinds in varying proportions, so as to produce a 
finished material having the necessary degree of hardness, 
toughness, or tensile strength, as the case may be. 
The following table gives the constituents of eight 
samples of pig from different districts : — 
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^ Composition of Cast Iron of Various Grades. 



Iron 

Combined '^ 

carbon > 

Graphite ...j 

Silicon 

Sulphur 

Phosphorus . . 
Manganese 



Grey 

Cinder 

Pig. 


Com- 
mon 

White 
Pig. 


Mottled 
Iron. 


Best 

Mine 

Pig. 


Foun- 
dry Pig. 


Grey. 


Mottled 


93-55 

2-80 

1-85 
014 
1-66 


95-27 

2-42 

0-36 
0-87 
1-08 


93-29 

2-78 
1-99 

0-71 

trace 

1-23 


94-56 

04 
3-10 

216 
0-11 
0-63 
0-50 


93-53 

3-44 

1-13 
0-03 
1-24 
0-43 


• 

90-24 

1-82 
2-64 

3-06 
114 
0-93 
0-83 


89-39 

1-79 
111 

2-17 
1-48 
1-17 
0-60 



White 



89-86 

2-46 

0-87 

1-12 
2-52 
0-91 
2-72 



203. Tensile 5trensi:h of Cast Iron. — This varies from 
seven to 15 tons per square inch in extreme cases, but 
more usually from eight to 11 tons. 

In the following table are quoted tensile strengths of 
cast iron given by different authorities : — 



Tensile Strength of Cast Iron. 



No. of Tests 

from which the 

averages have 

been taken. 

1 


Tensile 
Strength. 
Tons per 1 
square inch. 1 


Authority. 


1 

1 
1 


11-82 ' 


Secundo and Robinson. 


14 ! 


11-10 


»> n 


6 


13-50 


Major Wade. 


4 


10-50 




9 
10 


10-10 1 
12-50 


Kirkaldy. 

>> 


10 


11-10 


>» 


15 


10-30 


>> 


13 


9-70 , 


>) 


1 


7-37 1 


Hodgkinson and Fairbairn. 


81 


6-83 


>j )> 


2 

2 

850 


9-74 

7 0:^ 

9-45 


Popplewell and Coker. 

Popplewell. 

Anderson. 



•' From " Casting and Founding," Spretson. 
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Thurston, in his book on " Iron and Steel," gives the 
following values for the tensile strength of east iron under 
various conditions : — 

Tensile Strength of Cast Iron. (Thurston.) 



Kind of Iron, and Conditions of 
Preparation. 


Tensile Strength in toni^per 
square inch. 

• 


Ordinary Conditions. 

Good Diff iron 


8-93 


Touffh cast iron. 


11-15 


Hard , 


13-37 


Good tou£rh £run iron 


13-37 






Remelted cast iron. 





First melting 

Second „ 

Third „ 

Fourth „ 

affect of varying time of fusion. 

Fused for J hour 

j> *■ >> 

>> ^ "g" »» 

» 2 „ 



6-26 
10-25 
13-50 
15-96 



7-97 

8-99 

10-90 

15-70 



Load-strain diagrams for east iron in tension and 
compression are shown on Fig. 185. The compression 
curve is only partial. 

204. Compressive 5trens:th of Cast Iron. — The 

strength of cast iron in compression varies from 25 to 
85 tons per square inch. 

Several important series of experiments have been 
carried out by the American Foundrymen's Association, 
with a view to determining a set of standard specifications 
for cast iron. The first set of these clearly show that 
specimens cast in small moulds give a higher result per 
square inch than do larger specimens of the same material 
mixture. In this series the crushing specimens were in 
the form of cubes. 
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In the third set the iron used was of a very fluid 
nature, such as is suitable for light machinery castings, 
and having a composition of 3*52 per cent, free carbon, 
032 combined carbon, 204 silicon, 039 manganese, 
0*58 phosphorus, and 0044 sulphur. 



• 


• 
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3 
2 
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UJ 



Loads.— Tons per square Inch. 
Fig. 185.— Load-strain Curve for Cast Iron in Tension and Compression. 

The specimens were Jin. cubes, cut from different 
parts of bars of larger section. The results were as 
follow : — 

Compression Tests of ^in. Cubes of Light 

Machinery Iron. 



Cross Section 

of Bar from 

which Cubes 

were cut. 


Crushing Strength, in tons per square inch, for Cube. 


Middle 
half-inch. 


First 
half-inch. 


Second 
half-inch. 


Third 
half-inch. 


Fourth 
half -inch. 


Inches. 

i X i 

1 X 1 

H X li 

2x2 
2i X 2i 

3x3 
H X H 

4x4 


690 
44-5 
370 
32-2 
31-9 
28-6 
28-4 
25-4 


49-8 
39-4 
38-9 
35-4 
32-5 
30-5 
29-4 


370 
34-6 
32-3 
301 
29-6 
27-4 


31-9 

28-7 
28-8 
26-6 


28-4 
25-4 



These tests also plainly show that the specimens taken 
from the bars of small cross section give higher results 
than those from larger, bars. 
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It is also to be noted that for crushing specimens of 
equal cross section the shorter pieces may be expected to 
yield the higher results. 

Hodgkinson gives the following values for the com- 
pressive strength of cast iron : — 

Hodgkinson's Tests (From " Rules and Tables," Clark). 





ron. 




CompresBion Strength. 
Tons per square inch. 


Kind of I 


Height of 

Specimen, 

fin. 


Height of 

Specimen, 

l^in. 


Lowmoor. No. 1 . . . 




\ ... 


28-«l 
44-43 
40-56 
52-50 


25-19 


„ No. 2 ... 
Blseaavon. No. 1 


• • • • 





41-22 
35-96 


No. 2 






45-70 










Stirling's iron, 2nd 
„ „ 3rd 


quality 

» 


55-95 
70-83 


53-30 

57-98 



Stirling's iroQ is cast iron melted with wrought iron. 

205. Cros^ Breaking: Strength of Cast Iron. — The 

most common test for cast iron is that under a transverse 
load. This is so, both because the test can easily be carried 
out with simple appliances, and also because the results 
given are more likely to be uniform and reliable than those 
in pure tension. The sizes specified for this test are either 
lin. X lin. X 12in. span, or 2in. deep X lin. wide X 36in. 
span, and for the latter dimensions the central load which 
the bar is specified to stand varies from 25cwts. to 30cwts. 
It has already been pointed out that the beam formula 
for rectangular beams, 

does not hold except in cases where the material is elastic. 
In the case of cast iron it is found that the maximum 
stress, as given by the above formula, when calculated 
from the central breaking load, exceeds to a considerable 
extent the tensile stress found for the same iron from 

A3 
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tensile tests. This value, as given by bending tests, has 
been called the coejfficient of bending strength, and is 
given by 

. _ W.S.l 

In the following table are quoted results of tests on 
rectangular bars of cast iron, showing the values of the 
coeflScient of bending strength for different grades of 
iron : — 

Cross Breaking Tests of Cast Iron. 



Description. 


Depth. 
Incnes. 


Breadth. 
Inches. 


Span. 
Inches. 


Breaking 
Load. 
Tons. 


Coefficient 

Tons per | Authority, 
sq. inch. > 

/b 


Rectangular. 
Planed ...< 

« 1 


2-93 
2-93 
0-90 
0-90 


0-90 
0-90 
2-93 
2-93 


20 
20 
20 
20 


4-89 
4-76 
1-52 
1-49 


18-25 
17-71 
18-82 
18-50 


Secundo and 
Robinson, 
Min. Proc. 

I.C.E., vol. 
Ixxxvi. 


Rectangular. 
Mean of 2 ... 


1 
2 


2 

i 


15 
.15 


1-57 
3-01 


'Secundo. Min. 
17-68 iProc. I.C.E., 
16*95 vol. xcviii. 


Rectangular. 


2 


1 


36 


1-33 


17*60 '. Author. 


Rectangular. 

Mean of a 
large num- 
ber 


h 


1 


36 


1-26 


16*95 


Kirkaldy. 






Rectangular. 


2 

1 

1 


1 
1 
2 


36 
36 
36 


1-67 
0-36 
0-79 


22-53 Millar, Min. 
19*30 Proc. I.C.E., 
20-80 \ vol. Iviii. 

i 



In addition to the experimental results given in the 
above table, Mr. Millar carried out a number of tests, in 
order to determine the effect upon the strength of the bar, 
of the condition of the metal in the ladle previous to 
pouring It was found that where the metal was run at a 
very high temperature it had a somewhat lower breaking 
strength than when run at a dull heat ; while, on the other 
hand, the deflection was slightly higher. 

The deflection of a cast-iron beam of the usual pro- 
portions (2in. deep by lin. wide) may be taken very 
approximately as j^th of an inch for each l,0001bs. of 
central load. 



CAST IRON. 



387 



The strain of cast iron, of whatever kind, is always 
made up of an elastic distortion and a small amount 
of permanent set. On removing the load from a bar the 
set does not disappear, and if the bar is again loaded in to 
the same extent it will be found that the total deflection 
(in the case of a beam) is less than formerly, because the 
set has been to some extent eliminated ; and if the loading 
is again repeated the total strain will still continue to 
decrease. Mr. Millar experimented upon this point, and 
published a number of figures, of which the following 
may be quoted as representative : A beam of the ordinary 
dimensions was loaded five times, and finally broke at a 
load of 3,5001bs. and a deflection of 0*403in. For each 
loading the same load was applied, viz., 2,8001bs. ; and 
deflections were respectively for the first up to the fifth 
loading, 0;302in., 0-282in., 0-279in., 0-278in., 0-276in., 
and 0*273in. A load-strain diagram for a cast-iron beam 
is given on Fig. 186. 
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Fig. 186.— Load-strain Curve for a Cast-iron Beam. 
2in. X lin. x 36in. span. 

2o6. Cast Iron in Shear and Torsion The following 

test results are for cast iron in direct shear and torsion. 
The testing of cast iron in direct shear is an uncertain 
process, as it is diflScult to entirely eliminate any ten- 
dency to bending. The cast-iron shafts tested by Mr. 
Coker and the author* were both solid and hollow, there 



* Min. Proc. Inst. C.B., cxii. 
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being five of each, and the results quoted are the means of 
these. Thd^hollow shafts were 0-5in. outside diameter and 
0*313in. inside. The solid shafts were of the same nominal 
strength (that is, 0*473iii. diam.), giving a ratio of weight 
solid to weight of hollow of 1-46 to 1. It will be seen that 
the solid shafts give the higher results. 

The diagram for a cast-iron shaft tested by the author 
is given on Fig. 187. 

Cast Iron in Shear and Torsion. 



Description 
of Test. 


Shearing 

1 Strength. 

Tons per 

sq. inch. 


Coefficient 

.. of 
Torsional 
Strength. 
Tons per 

sq. inch. 

/t 


Ratio, 
/s 

A 

Per cent. 


Modulus of 

Rigidity. 

G. 

Lbs. per sq. 

inch. 


Authority. 


Cast iron : — 
1 part Darling- 
ton, 5 parts 
best scrap. 
(Average of 6.) 
Turned. 


5-22 


15-9 


32-9 


7,163,000 
Tons per sq. in 

3,200 


 


Same as above. 
(Average of 3) 
Skin on. 


4-44 


181 


24-5 


7,620,000 

Tons per sq. in. 

3,410 


Piatt and 
Hayward. 
h Min. Proc. 


1 part Sunder- 
land pig No. 3 
3 parts scrap. 
Turned. 
(Average of 6.) 


5 08 


171 


29-8 


6,602,000 

Tons per sq. in. 

2,950 


I.C.E., vol. 
xc. 


Samea>A above, 
with skin on. 
(Average of 5.) 


3-92 


15-3 


25-6 


7,050,000 

Tons per sq. in. 

3,145 


. 


Mixture: — 
4 parts Shott's 
pig, 6 No. 3 

. Clyde Haema- 
tite. Solid. 
Mean of 5. 


9-54 


14-56 


60-55 




Popplewell 

and Coker, 

- Min. Proc. 

I.C.E., vol. 


Same as above. 
Mean of 5. 
Hollow. 


9-54 


10-38 


92-00 




cxxn. 
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207. Modulus of Elasticity for Cast Iron. — The elastic 
modulus for cast iron, as well as for most of the alloys, is 
a somewhat variable quantity. It has been pointed out 
that the deflections of cast-iron beams vary according to 
the number of times the loads have been applied ; and, 
therefore, it is to be assumed that the value of the modulus 
calculated from the first loading, will be different from the 
value obtained after the bar has been half-a-dozen times 
under the load, because the metal will have taken up the 
greater part of its permanent set. The modulus also 
varies with the grade of metal and the conditions of casting. 
Unwin asserts that there is no true modulus for cast iron, 
as the set can never be quite eliminated. 

Johnson states that the modulus for cast- iron varies 
from 12 to 15,000,0001bs. per square inch. 

The following figures give the values as obtained by 
different experimenters : — 

Table of Modulus of Elasticity for Cast Iron. 



Description of Test. 



Tension Modulus. 



Pounds per 
square inch. 



Rectangular Beams 
(average of 7 tests) 

Tension bar 

Rectangular Beams... 
Tension bars (10) ... 



Tension bars (2) 
Tension bars (3) 

Nine Long Tension 
Bars (mean) 

The same with small 
amount of per- 
manent set eli- 
minated 



12,500,000 

14,680,000 
15,000,000 
(compres- 
sion) 
11,600,000 

15,560,000 



12,510,000 



13,570,000 



Tons 

per 

s(]uare 

inch. 



5,580 

6,280 
6,700 



5,180 
6,950 

5,583 

6,054 



Transverse Modulus, 



Pounds per 
square inch. 



Tons 

per 

square 

inch. 



11,172,000 4,990 



13,800,000 



6,160 



Authority. 



Secundo, 
LC.E., 
xcviii. 
"" Secundo 

and 
>■ Robinson, 
Pre. LC.E. 

Ixxxvi. 
Author. 
C Platt and 
^ Hay ward. 



Hodgkinson. 



Hodgkinson. 



v 



208. The Effect of Temperature on the Strength of 
Cast Iron. — No great difference is observable in the tensile 
strength of east iron as the temperature is increased, until 
a temperature of about 900° Fah. is reached. Up to this 
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point there is a very slight increase of strength, but after- 
wards, as the temperature is still further increased, the 
strength continually diminishes, being only about 50 per 
cent, of its strength at the normal temperature at 1,100°, 
and falling to 25 per cent, at 1,400°. 




125 250 375 " 500^ '625 750 

Twisting moment. Inch pounds. 

Fig. 187.— Load-str\ix Curve for a Cast-iron Torsio.n Specimen. 

5in. long and 0'473in. diam. 

209. The 5trens:th of Cast Iron Thick Cylinders. — In 

thin cylinders — such as steel or wrought-iron pipes, and 
steam boilers — where the thickness is small compared with 
the diameter, the tensile stress is taken as being sensibly 
constant across the whole thickness, and the calculation of 
their strength becomes simple ; but in thick cylinders, 
where the thickness forms a l^ge proportion of the 
external diameter, the case is different. The tensile stress 
in the metal, caused by the uniform pressure of an internal 
fluid, varies continuously from the inner to the outer 
surface, being greatest at the inner surface. The relation 
between the dimensions of the cylinder, the internal 
pressure, and the maximum tensile stress in the material 
is given by Lamp's formula, which is deduced purely by 
mathematical reasoning, on the assumption that the 
material remains perfectly elastic. The equation is the 
following : — 

7" = R^+V' 
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where p is the internal pressure of the fluid, 

/is the maximum tensile stress in the material, 

caused by this pressure, 
R is the external radius of the cylinder, 

and V is the internal radius. 

The relation expressed by this equation is chiefly of 
use in connection with the design of hydraulic cylinders 
and pipes, and ordnance. 

Tests of specimen thick cylinders are sometimes made 
in ordinary testing machines by filling them with a fluid 



K 




Fig. 188.— Arrangement of Intensifier in the Owens College 

Testing Machine. 

substance and forcing a ram in by placing the cylinder 
between the compression plates of the testing machine. 
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Prof. Thurston quotes some results of tests on thick 
cylinders of cast iron for guns made at Watertown Arsenal. 
The cylinders, of which there were nine, were llin. external, 
3 'Sin, internal diameter, and 2 2 Jin. long. Each cylinder 
was burst by first filling it with wax and then forcing in a 
ram by means of an ordinary testing machine. The results 
show that the pressure required to burst the cylinders was 
in all cases slightly lower than that given by any of the 
usual formulas for thick cylinders. 

2IO. Mod^l Thick Cylinder Tested by the Author. t— 

In 1889 the author made a test of a small thick cylinder 
under the following circumstances. Soon after the 
completion of the 100-ton Buckton testing machine for 
the Whitworth Engineering Laboratory at the Owens 
College, the ram cylinder of the hydraulic intensifier 
(shown on Fig. 188) was burst, as it w^as thought, by the 
impulsive action of the water from the pressure tank 
upon the piston. Owing to the sudden stoppage of the 
column of water coming from the tank, the pressure was 
greatly above that due to the head alone, and to this is 
attributed the fracture of the ram cylinder, rather than to 
any inherent defect in the cylinder itself. The broken 
cylinder was replaced by a new one of cast steel, with 
perfectly satisfactory results ; and, at the suggestion of 
Prof. Osborne Reynolds, under whose direction the tests 
were carried out, the author cut from the walls of the 
fractured cylinder a model cylinder, one-eighth the 
size of the original one, and similar in all important 
points. An elevation and section of this model are 
shown on Fig. 189. It will be seen that the top of the 
cylinder is closed by a screw plug and a packing of 
leather discs ; the lower end was provided wdth a stuffing 
box, packed with leather washers, and allowing the 
passage of a ram, also one-eighth the size of its full-sized 
counterpart. In order to reproduce, as far as possible, 
the conditions obtaining when the large cylinder was burst, 
the model was placed for testing between the compression 
plates of the machine, with its upper end quite free and 
the shoulder at the lower extremity resting on the end 
of a piece of IJin. steam pipe. 

t See Owens College Calendar for 1890-91. 
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In order to cairy out the test, the cylinder was filled 
with water, the ram inserted, and the packings all made as 
water-tight as possible. 

The cylinder was then placed between the compression 
plates of the testing machine, as shown on Fig. 189. The 
load on the ram was increased until it reached 0'650 tons, 
when the cylinder burst with a longitudinal Iracture about 
4in. in length ; this fracture is indicated on the left-hand 
view on Fig. 1 89. 






In addition to the model cylinder, two tension test 
pieces were cut from the broken cylinder. These were 
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tested, and broke at 6*95 tons and 7*29 tons per square 
inch respectively, or with a mean tensile strength of 
7-12 tons per square inch. 

Now, using Lame's formula (given above) to calculate 
the maximum tensile stress in the model cylinder at the 
bursting load, the following are the data required : — 

External radius of cylinder = jR = 0*515in. 
Internal radius of cylinder = r = 0*265in. 
Diameter of ram = 0*445in. 

Sectional area of ram = 0155 sq. in. 

The bursting pressure in tons per square inch will be 
p = Tprrr = 41 93 tons per square inch. 

The maximum stress, as calculated from the bursting 
pressure, is 



f-P 



R - r' 



_4.iQQ (0-515 y + (0-265 )^ 
~ (0-515)^ - (0-2t)5y 

= 4193 • ^'^^^ 
^^^"^ 0195 

= 7*203 tons per square inch. 

This result lies between the two results of the tensile 
tests given above, so that it may be assumed that 
in this instance the actual results accord very well with 
the theoretical values deduced from Lame's formula. 

Proceeding on similar lines for the original cylinders, 
it was found that the maximum stress in the metal, due 
to the greatest static pressure (5,4001bs. per square inch), 
would be only about four tons per square inch, whereas 
the tensile strength of the metal was found to be over 
seven tons per square inch ; so that it must be supposed 
that the increased pressure was due to inertia effects of 
the water. 

The static head was derived from a tank placed in the 
college tower. 
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211. This term is usually applied to cast iron which 
has been subjected to an oxidising process after it has been 
cast into the required shape. This is effected by 
surrounding the casting by either haematite ore or 
manganese oxide, and exposing it to a red heat for 
several days or weeks, according to the size of the casting. 

The strength of malleable iron is greater than the 
original strength of the cast iron from which it has been 
produced. It becomes slightly ductile, and its modulus 
of elasticity is raised. Mr. A. Martens gives the following 
average results of some tests on this metal, both for 
pieces which have been welded and for the unwelded 
metal : — 

I Mr. a. Martens' Tests on Malleable Cast Iron. 

(Average.) 





Limit stress. 

Tons per 

sq. in. 


Vlaximum Stress 

Tonsper 

sq. in. 


Reduction in 
Area 
per cent. 


Extension on 

7-87 in. 

per cent. 


Unwelded .. 
Welded ... 


4-44 


16-38 
19-24 


8-2 
13-3 


2-5 
1-1 



The following results of tests on malleable cast iron 
are given by Mr. Ashcroft.§ Two sets of experiments 
were made, the first on material cast in 1884, and the 
second cast in 1885. These metals had respectively the 
following analysis : — 

Analyses of Malleable Iron Castings. 



Constituents. 



Total carbon 

Carbon as graphite.. 

Sulphur 

Phosphorus 

Silicon 



Cast in 1884. 
Per cent. 



2-838 
2-300 
0-304 
0-259 

0-818 



Cast in 1885. 
Per cent. 



1-47 

1-456 

0-334 

0-222 

0-341 



I Mill. Proc. I.C.E., vol. Ixxxviii., page 528. 
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The average results of the tests made are given in the 
following table : — 

Strength Properties of Malleable Cast Iron. 

(ashcroft.) 



l^ension. 

Elastic limit, tons per square inch 
Maximum strength, tons per square 

inch 

Elastic modulus, tons per square 

inch 

Extension per cent, on lOin 



Cast in 1884. 


Cast in 1885. 


9-68 


8-94 


20-95 


20-60 


10950-0 


11620-0 


1-47 


2-80 



Compression, 

Area, square inches 

Length, inches 

Breaking stress, tons per square 

inch 

Elastic modulus, tons per square 

inch .• 



Bending. 

CoeflScient of breaking strength, 
tons per square inch 

Elastic modulus, tons per square 
inch 




0-361 
2-928 

21-60 

1024-0 



39-30 
13100-0 



28-80 
123300 



Torsion. 



Torsion stress at limit, tons per 

square inch 8-35 

Coefficient of torsional strength, 

tons per square inch 25*60 

Coefficient of rigidity, tons per 

square inch \ 4220-0 



8-93 
26-80 
41200 



§ Min. Proc. I.C.E., vol. cxvii. 
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COPPER, ALLOYS OF COPPER, ALUMINIUM, TIN 

LEAD, ZINC. 

212. Next to iron and its alloys, the most important 
metal in the arts at the present time is undoubtedly copper, 
either in its Commercially-pure form or alloyed with other 
metals. Its chief advantages are its softness and mallea- 
bility, its high heat-conducting properties, its non-corro- 
dibility, and its high electrical conductivity. The tensile 
strength of copper is considerable, varying from six tons in 
castings to 16 tons per square inch for unannealed rolled 
bars. Copper and its alloys arq annealed by heating to 
redness and cooling suddenly in water. 

Alloyed with zinc, copper yields the useful metal 
yellow brass, which has a low tensile strength, and is only 
used for ornamental work, where strength is not required ; 
and "Muntz metal," Imving a tensile strength of about 
25 tons. 

The group of bronzes consist of copper alloyed with 
tin and a little zinc, and give a tensile strength of from 
10 to 27 tons, according to the mixture and manner 
of manufacture. 

A small percentage (3 to 8) of aluminium added to 
bronze produces a metal of considerable ductility and 
very high tensile strength, this latter being from 25 to 
40 tons per square inch. 

The most striking characteristic of copper and its 
alloys from the point of view of the load-strain diagrams 
is the almost complete absence of a sudden yield point, such 
as is found in the irons, and the low elastic limit. Typical 
strain diagrams are shown in Figs. 190 and 191. 

AluTniniiiTii is now produced fairly cheaply -in the 
form of rolled bars, drawn rods, wire, sheet metal, angles, 
tees, and beams, as well as ingot metal for castings, the 
price being now between Is. and 2s. 6d. per pound. 

In the form of rods or bars, aluminium has a tensile 
strength of about 10 tons per square inch, accompanied 
by a fair amount of ductility. 

The load-strain diagram for aluminium has the same 
peculiarity as iron at high temperature, it being found 
that the deformations take place in jumps, with the result 
of producing a stepped curve. (See Figs. 192 and 193.) 
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Tons per square inch of original section. 



Fig. 190.— Load-strain Diagrams for Tension. 

A.— Rolled copper. B.— Yellow brass rod, annealed. C— Yellow brass rod, unannealed. 
D. — Bronze. E. — Aluminium bronze. 
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10 20 30 ?0^ 50 

Tons per square, inch of original section. 



Fig. 191 ^— Load-strain Diagrams for Short Compression Specimens. 

A.— Copper. B.— Gunnietal. 
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Fig. 192.— Load-strain Diagram for Aluminium Rolled Bar in Tension. 
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Fig. 193.— Load-strain Diagram for Aluminium Rolled Bar in Compression. 

In the following general table are given the chief 
strength properties of most of the above-mentioned 
metals : — 



■ai 5| 



■5.ESt.S 






s 



u« 






!ill4 



|i|| 



H 



;S iilPI 



ii. 



??! 



„ (^ 1- .- 9 =p ? ip T- 



Hes 









i1S3^||3|r,i 
= = 4151 fill 



VARIOUS METALS. 



401 



The following figures may be found useful :- 

Bauschinger's Results. 







Maximum 








Elastic Limit. 


Stress. 
Tons per 


Contraction. 
Per cent. 


Elongation. 
Per cent. 


- 




square inch. 






Zinc, cast 


None found 


1-670 


31 


0-35 


>> >> 




1-371 


1-3 


0-47 


j> )> 




1-517 


1-3 


0-12 


» » 




1.562 


1-3 


0-3 


Zinc, sheet... 




1302 


53 


16*5 on5-9in 


J) >> 




11-17 


53 


9-9 


n >> 




10-6 


53 


11-2 


>> n 




10-41 


61 


20-3 


Cast lead 










(average) 


>> 


0-826 




28 on 7-87in 



Chatelier's Results (all at 


60° Fah.) 




Maximum Stress. 

Tons per 

square mch. 


Elongation. 
Per cent. 


• 

Cast brass 


8-7 
10-1 


0-24 on 5-52in. 


Tin bronze 


5-7 


Rolled brass 


21-95 30-7 






-  77 



Wires (Preece). 






Maximum Stres^i. 

Tons per 

square inch. 


Elongation, 
per cent. 


Silicium bronze 


27-6 to 50-0 
28-4 „ 30-3 


About 2 


Conner 


] -5 




jj ■* " 



^Coefficients of Elasticity. 



Modulus of 
Elasticity. 
Tons per 

square mcb. 



Modulus of Rigidity. 

Tons per 

square inch. 



Copper (bending tests) 
Drawn copper wire 

(Wertheim) 

Ditto, annealed 

Copper (Savart) 




2,960 



2,660 



j Bauschinger and Chatelier. Min. Pioc. I.C.E., vol. cvii. 
133 ^r Voigt. Min. Proc. I.C.E., vol. Ixxv. 
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